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Summary/ Resumen (in Spanish)
Las

partículas

polisacarídica

exopoliméricas

son

substancias

de

naturaleza

producidas principalmente por fitoplancton y procariotas

heterotróficos. Éstas pueden autoensamblarse en partículas de mayor tamaño y,
cuando su flotabilidad es negativa, son exportadas hacia el océano profundo
contribuyendo con ello a la bomba biológica de carbono. En esta tesis hemos
descrito la distribución de partículas exopoliméricas en los océanos Atlántico,
Índico y Pacífico y en el mar Mediterráneo, y hemos valorado su papel en la
exportación de carbono hacia el océano profundo. Por otro lado, hemos
determinado la producción de partículas exopoliméricas por procariotas
heterotróficos tanto en aguas superficiales como en aguas profundas así como la
respiración de la materia orgánica en la zona mesopelágica (200-1000 m de
profundidad). Esta región es clave en la mineralización del carbono orgánico
que transita desde la superficie hacia las profundidades del océano.
Se

han

realizado

dos

campañas

oceanográficas:

una

primera

circumnavegacion a lo largo de los océanos Atlántico, Índico y Pacífico
(“Expedición Malaspina-2010”) y otra a lo largo del mar Mediterráneo (“Hotmix2014”).

En

la

concentraciones

primera
máximas

campaña
de

oceanográfica
partículas

observamos

exopoliméricas

que

las

aparecían

recurrentemente por encima de la profundidad del máximo de clorofila y que
geográficamente aparecían en las zonas próximas a los afloramientos (por
ejemplo Benguela, Domo de Costa Rica, Gran Bahía Australiana y en las zonas
de divergencia ecuatorial). Consecuentemente, el mejor predictor de la
distribución de partículas exopoliméricas fue la producción primaria. Nuestro
estudio también indica que el flujo descendente de partículas exopoliméricas es
la vía principal de entrada de éstas hacia el océano profundo. Sin embargo,
también debe existir síntesis de novo por procariotas heterotróficos en el océano
profundo que justifique los elevados valores de transferencia de exopolímeros
estimados entre la zona mesopelágica y batipelágica (>1000 m de profundidad).
Por tanto, los procariotas heterotróficos no sólo participan activamente
mineralizando la materia orgánica durante su tránsito por la zona mesopelágica
17

hacia el fondo sino que también pueden generar sustratos polisacarídicos y
partículas exopoliméricas en aguas profundas. Esto explicaría los tiempos de
residencia cortos (de meses a años) encontrados y que sugieren una naturaleza
semilábil. La estimas del contenido de carbono en forma de partículas
exopoliméricas en el océano global es de 4.8 Pg C, es decir, entre un 25% y un
40% del carbono orgánico particulado. El flujo global de partículas
exopoliméricas a profundidades superiores a los 1000 m se estimó en 0.4 Pg C
año-1, comparable a las estimas medias globales de flujo de carbono orgánico
particulado hacia la zona batipelágica.
En la segunda campaña oceanográfica nuevamente encontramos que las
concentraciones máximas de partículas exopoliméricas aparecían por encima
del máximo de clorofila en la cuenca oeste del Mar Mediterráneo y en la región
Noreste del océano Atlántico, particularmente cerca del estrecho de Gibraltar.
La distribución geográfica de partículas exopoliméricas pudo explicarse
mayoritariamente por la actividad del fitoplancton, aunque los procariotas
heterotróficos también resultaron ser relevantes en determinar su distribución,
no sólo en superficie sino también en las zonas profundas, particularmente en el
agua Levantina Intermedia. Por lo tanto, la distribución de partículas
exopoliméricas en el Mediterráneo profundo está controlada, en parte, por el
flujo descendente de partículas, siendo mayor en la cuenca oeste y en la región
Noreste del océano Atlántico.
Esta tesis contribuye a arrojar luz sobre el papel crucial de las partículas
exopoliméricas en la bomba biológica del océano y sobre el papel desempeñado
por los procariotas heterótroficos en su dinámica.
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"The ocean remains one of the least explored and understood environments on the
planet—a frontier for discoveries that could provide important benefits . . . . Ocean
science and technology will play an increasingly central role in the multidisciplinary
study and management of the whole-Earth system."
U.S. Commission on Ocean Policy,
An Ocean Blueprint for the 21st Century (2004)
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Chapter 1:
Introduction and basic methodology

“Basic to the understanding of any ecosystem is knowledge of its food web, through
which energy and materials flow. If microorganisms are major consumers in the sea, we
need to know what kinds are the metabolically important ones and how they fit into the
food web.”
Lawrence Pomeroy
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1.1. Introduction
1.1.1. Role of the prokaryotes in the oceanic carbon cycle: respiration, exudation
and growth
Marine ecosystems are globally estimated to harbor more than 1029
prokaryotes (Whitman et al., 1998), which exceeds the total biomass of the
higher trophic groups (Pomeroy, 2007). The dominance of prokaryotes is even
greater in terms of metabolism (Pomeroy, 2001), so these microscopic organisms
are regarded as the core drivers of the recycling of biologically relevant
chemical elements and energy fluxes in the oceanic waters.
Prokaryotes act as a trophic link through the microbial loop responsible
for transforming dissolved organic matter (DOM) into particulate organic
matter (POM), supplying organic matter to higher trophic levels of the food
web (Pomeroy, 1974; Azam et al., 1983). From the food web point-of-view, the
organic carbon proportion used for new biomass production in relation to the
total carbon assimilated by prokaryotes determines the microbial loop’s
efficiency, which is commonly indicated as prokaryotic growth efficiency
(PGE) (del Giorgio and Cole, 1998). The knowledge of this index is imperative
for constraining carbon fluxes in marine ecosystems since PGE provides an
estimate of the organic carbon percentage susceptible to be transferred to
higher trophic levels (Sherr and Sherr, 1991). However, a variable proportion of
organic carbon assimilated by prokaryotes is not incorporated into biomass
(Figure 1.1.). These organic carbon either is respired to CO2 (del Giorgio et al.,
1997) or released to the environment as a huge variety of organic compounds:
dissolved rich-polysaccharide exudates, which end up generating exopolymer
particles (EP) (Stoderegger and Herndl, 1999; Passow 2002; Ortega-Retuerta et
al., 2010), extracelluar enzymes (Arnosti, 2003), refractory organic material
persistent to further microbial mineralization (Jiao et al., 2010; Jorgensen et al.,
2014), etc. Therefore, to a better understand and to constrain carbon fluxes is
imperative to progress in the knowledge of these processes.
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Figure 1. 1. Simplified depiction of the organic carbon fate through three major prokaryotic
metabolic pathways: respiration, organic exudation and new biomass production.

In the global ocean, around 80% of the net primary production in the
ocean surface (ca. 50 Pg C yr-1; but see Arístegui et al., 2005a) occurs in the open
waters (Hedges, 1992; Field et al., 1998). Half or more of the carbon fixed by the
algal community is processed by heterotrophic microbes directely in the
epipelagic ocean (Azam, 1998; Ducklow, 2000; Robinson, 2008), and only a low
percentage of ~ 10% of the organic carbon produced in the ocean surface is
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exported to the mesopelagic zone and, even lower amount of carbon is
sequestered in waters of more than 1000 m depth (Robinson et al., 2010).
This vertical export of organic matter from surface to deep waters is the
main substrate for deep-ocean prokaryotic metabolism respiration (R) and
production (PHP) (Arístegui et al., 2009). Both R and PHP, thereby, decrease
gradually with depth, although more subtly for R (Arístegui et al., 2009). The
annual global R estimates in surface waters (< 200 m), about 37 Pg C, are higher
than the annual R rates in the whole dark ocean, ~24 Pg C yr -1 in the
mesopelagic and ~1.5 Pg C yr-1 in the bathypelagic waters (Figure 1.2.; del
Giorgio and Duarte, 2002). Similarly, about 50% of the total water column PHP
takes place in the epipelagic waters, ~ 30 % at mesopelagic depths and ~20 % in
the deep ocean (Figure 1.2.; Arístegui et al., 2009). The average growth rates of
the prokaryotes are higher in the epipelagic waters (0.157 d-1), intermediate at
mesopelagic depths (0.090 d-1) and lower in the deep ocean (0.061 d-1). In
addition, there is a reduction of the carbon use efficiencies from ~ 15 % in the
epipelagic zone to approximately ~ 4 % in the dark ocean (Figure 1.2.; Arístegui
et al., 2009).
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Figure 1. 2. Illustration indicating the global estimates for organic matter reservoirs [POM (particulate organic matter) and DOM (dissolved organic matter)
= LDOM (labile DOM) + SLDOM (semilabile DOM) + RDOM (refractory DOM)] and prokaryotic mineralization, new biomass generation and growth
efficiencies (PGE) in the epipelagic (from surface to 200 m depth), mesopelagic (200 – 1000 m depth) and deep ocean (> 1000 m). The global data of the
organic matter reservoirs are from Hansell et al. (2009) and Jiao et al. (2010), and the global data of the prokaryotic metabolic rates and biomass from del
Giorgio and Duarte (2002) and Arístegui et al. (2005a and 2009).
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1.1.2. Respiration in the mesopelagic zone
It is widely accepted that POM flux attenuation from the photic zone to
the deep ocean is mostly driven by remineralization of the mesopelagic
heterotrophic prokaryotes (del Giorgio and Duarte, 2002; Arístegui et al.,
2005a). Due to the methodological difficulties for estimating the R rates by
using direct O2 consumption measurements with the Winkler technique, most
direct R estimates are restricted to the photic zone (Robinson, 2008) and there
are still very few direct R estimates in the mesopelagic waters. These few data
correspond to the North Atlantic Ocean and the Mediterranean Sea (Biddanda
and Benner, 1997; Arístegui et al., 2005b; Reinthaler et al., 2006; Baltar et al.,
2010; Weinbauer et al., 2013). Many more direct R estimates, and consequently
data of growth efficiencies (PGE), must be obtained to test the idea that the
mesopelagic is a key layer in the transit of POM from the photic zone to the
deep ocean.
Additionally, there is little knowledge about the environmental factors
that control prokaryotic carbon metabolism in mesopelagic depths. Indeed,
temperature must be an important factor affecting prokaryotic metabolism in
the dark ocean (Pomeroy and Wiebe, 2001), although there is little information
published on this respect. Mesopelagic prokaryotic assemblages are exposed to
a broad range of temperatures throughout the mesopelagic zone along distant
oceanic regions. Thus, POM flux attenuation from surface to the deep ocean,
due to remineralization by mesopelagic prokaryotes, would presumably vary
according to temperature changes across the mesopelagic zone of the world’s
ocean (Buesseler et al., 2007; Marsay et al., 2015).
In this dissertation, new direct estimates of R rates and PGE were
determined in the mesopelagic waters of unexplored regions of the global
ocean. The R and PGE dependence on mesopelagic temperature was also
assessed.
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1.1.3. Exopolymer particles and carbon export
The non-living organic matter in the ocean is a heterogeneous collection
of compounds with diverse origins: algal extracellular exudates, viral lysis,
cellular senescence, predation and abiotic or biotic transformations (Volkman
and Tanoue, 2002). These organic compounds cover a wide size spectrum from
colloidal (nanometers) to macroscopic particles (millimeters) (Verdugo et al.,
2004) (Figure 1.3.).

Figure 1. 3. Size continuum of marine organic matter from dissolved (DOM) to particulate
(POM) organic matter, adapted from Verdugo et al. (2004).

The distinction between DOM and POM is only operational. The organic
matter passing through filters with effective pore sizes between 0.2 and 0.7 µm
is considered the DOM pool and the organic matter retained on the filter is
considered the POM pool.
Exopolymer particles (EP, Alldredge et al., 1993) are ubiquitous
particles in all marine ecosystems (Passow et al., 2002). The ecological relevance
of EP lies in their sticky nature and low density that affect different oceanic
processes. These particles can accumulate in the surface microlayer of the ocean
when they have positive buoyancy affecting gases exchange with the
atmosphere (Azetsu-Scott and Passow, 2004; Wurl et al., 2011). They can also
Mazuecos I. P. PhD dissertation | 28

Introduction and basic methodology
stay suspended in the water column when they have neutral buoyancy or be
ballasted and exported downward when they have negative buoyancy,
contributing to the “oceanic biological carbon pump” (Volk and Hoffert, 1985)
(Figure 1.4.). EP production is determined by the abiotic aggregation of
polysaccharide-rich dissolved precursors released into the marine environment
by heterotrophic and autotrophic organisms of several trophic levels (mainly
microorganisms) under diverse physiological conditions (Figure 1.4.).
1.1.4. Exopolymer particles contribution to the biological pump
EP ballasted with fecal pellets, algal debris, clay, calcium carbonate, etc.
is termed “marine snow” and can sink down into the deep ocean increasing the
efficiency of the biological pump and mineral exports (Turley, 2002; De la
Rocha and Passow, 2007). These organic aggregates can be mineralized during
their transit to the deep ocean defining two boundary depths (Lampitt et al.,
2008; Passow and Carlson, 2012; Turner, 2015): The “export depth” is the
bottom of the euphotic zone or the maximum mixed layer, and the
“sequestration depth” is the bottom of the mesopelagic zone (or twilight zone).
The mesopelagic zone is the layer where most of the exported organic matter
remineralization takes place with a consequent relevant attenuation of the
carbon flux. Therefore, this layer is key in determining the biological pump
efficiency (Passow and Carlson, 2012). Finally, the carbon exported below the
sequestration depth is usually considered to become sequestered, and would
stay in the deep ocean for more than 100 years.
The core of this PhD dissertation is the description of EP distribution in
the profile from the surface to the deep waters in the Atlantic, Indian and
Pacific Oceans and in the Mediterranean Sea. We also explored the main
biological drivers determining the distribution patterns observed and we
determined experimentally the EP production rates by heterotrophic
prokaryotes. We believe that our results will contribute to understand the role
of EP in the ocean carbon cycle at a global scale.
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Figure 1. 4. Schematic depiction showing the organisms (mainly phytoplankton and prokatyotes) and routes (gray arrows) involved in the EP formation and
described in the literature (taken from Passow, 2002a; Verdugo et al., 2004). Additionally, the fate of EP in the oceanic water column is also illustrated (black
arrows): mineralization (consumption or solubilization) mostly by heterotrophic microbes, sinking down to the deep ocean as ballasted aggregates, persistence
in the water column as suspended particles or ascending to the surface as buoyant particles. The numbers from 1 to 3 represent the processes affected by EP
accumulation at the surface microlayer: 1) ocean-atmosphere gases exchange, 2) light penetration in the water column and 3) injection to atmosphere via
bubble bursting.
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1.2. General objectives
The main objectives of this dissertation are:
1. To describe the distribution of exopolymer particles, from the surface
to deep waters, in the Atlantic, Indian and Pacific Oceans and in the
Mediterranean Sea.
2. To determine the main biological drivers affecting the geographical
distribution of exopolymer particles both in the epipelagic and the
deep ocean.
3. To estimate the contribution of exopolymer particles to the total
carbon export from surface to deep waters in the Atlantic, Indian and
Pacific Oceans and in the Mediterranean Sea.
4. To determine experimentally the production rates of exopolymer
particles by heterotrophic prokaryotes in surface (above the “export
depth”) and deep (below the “sequestration depth”) waters.
5. To provide estimates of both, direct respiration rates and prokaryotic
growth efficiency, at mesopelagic depths in two underexplored
regions, the South Atlantic and the Indian Oceans.
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1.3.1. Sampling and study sites
Sampling was carried out during two oceanographic cruises: the
circumnavigation Malaspina 2010 and the cruise Hotmix in the Mediterranean
Sea.
1.3.1.1. Malaspina cruise:
During this cruise, the oceanographic vessel R/V Hespérides crossed the
Atlantic, Indian and Pacific Oceans in 7 legs (Figure 1.5.). The cruise departed
from Cadiz (Spain) on 16th December 2010 and finished in Cartagena (Spain) on
10th July 2011 (Figure 1.5.).

Figure 1. 5. Map of the Malaspina 2010 cruise showing the stations (filled circles) where the samples
were collected for both the epipelagic and the deep ocean. The cruise was divided into 7 legs:
Equatorial Atlantic (EA), South Atlantic (SA), Indian (IND), Great Australian Bight (AB),
Equatorial Pacific (EPA), North Pacific (NP) and North Atlantic (NA). Numbers 1 to 7 indicate the
temporal order of the legs. The asterisks represent the stations where mesopelagic respiration
experiments were conducted and colored filled circles correspond to stations where samples of the
epipelagic (blue circles) or deep (red cricles) waters were collected to perform the prokaryotic EP
production experiments.
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Samples for both vertical profiles and experiments (respiration and
prokaryotic EP production) were collected using a rosette of 24 Niskin bottles (12
L) coupled to a conductivity-temperature–pressure probe (CTD) (Seabird SBE
911Plus) (Figure 1.6.) in different casts, covering surface waters up to 200 m
depth and dark waters from 200 m down to 4000 m depth. In the vertical profiles,
a total of 10 depths were sampled, up to 5 depths above the 200 m depth and
other 5 depths in the deep ocean (> 200 m). Samples for experiments were taken
in 20 L carboys and processed immediately after sampling.

Figure 1. 6. Launching of a 24 Niskin bottles rosette coupled to a CTD
sensor (at the bottom) from on board the oceanographic R/V Hespérides.
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1.3.1.2. Hotmix cruise:
During this cruise, the oceanographic vessel B/O Sarmiento de Gamboa
crossed the Mediterranean Sea and Northeast Atlantic Ocean, from the eastern
Mediterranean basin starting on 29th April 2014 to the northeastern Atlantic
Ocean ending on 28th May 2014 (Figure 1.7.).

Figure 1. 7. Map of the Hotmix cruise showing the sampling stations (filled circles) where the
samples were collected both in the epipelagic and in the dark ocean. The cruise was divided into 3
regions: Eastern Mediterranean (EM), Western Mediterranean (WM) and Northeast Atlantic
(NEA). The colored circles indicate stations where samples of the epipelagic (blue circles) or deep
waters > 200 m depth (red circles) were taken to perform the prokaryotic EP production
experiments. The station between Majorca and the Barcelona coast corresponds to the Hotmixtest station where an initial test experiment of prokaryotic EP production was carried out.

Water samples for both vertical profiles and prokaryotic EP production
experiments were collected using a rosette of 24 Niskin bottles (12 l each)
coupled to a conductivity and Seabird Seacat SBE21 temperature–pressure probe
(CTD). Casts covered three zones: epipelagic waters down to 200 m depth,
mesopelagic waters from 200 to 1000 m depth and bathypelagic waters up to 10
m above the bottom depth. In vertical profiles, a total of 13 depths were sampled
covering the entire water column, 4 depths above 200 m depth and other 9
depths in the deep waters (> 200 m). Water for experiments was taken in 25 L
carboys and processed immediately after sampling. An additional sampling
station was included in our study, between Barcelona and the Majorca coasts,
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that corresponded to the Hotmix-test station where water for initial prokaryotic
EP production experiments was collected (2th October 2013).
1.3.2. Chemical and biological analyses
Several techniques have been used to reach the objectives of this PhD
dissertation. The detailed procedures are described in the corresponding chapter
and here I present a brief summary (Figure 1.8.).
1.3.2.1. Organic matter characterization:
Particulate organic carbon (POC) in the Malaspina cruise was measured in
a Carlo-Erba CHN analyzer according to the Vidal and Galindo (2012) protocol.
Total organic carbon (TOC) and dissolved organic carbon (DOC), after
filtration, samples in the Hotmix experiments were analyzed by high-temperature
catalytic oxidation on a Shimadzu TOC-V CSH total organic carbon analyzer.
Exopolymer particles (EP) were analyzed using the colorimetric alcian
blue method (Passow and Alldredge, 1995). For more details see the protocol in
Mazuecos et al. (2012) (details in Annex IV).
Dissolved acidic polysaccharides (dAPS) in the Malaspina experiments
were analyzed following the alcian blue method, after a dialysis step, according
to Thornton et al. (2007).
Dissolved neutral total carbohydrates (DTCHO) analysis. Mono(DMCHO) and polysaccharides (DPCHO, previously hydrolyzed), in the
Malaspina experiments were determined by the spectrophotometric method
using the alkaline ferricyanide reaction with 2, 4, 6-tripyridyl-s-triazine
(Myklestad et al., 1997).
1.3.2.2. Inorganic nutrients:
Nitrate

(N)

and

phosphate

(P)

concentrations

were

analyzed

simultaneously and automatically by segmented continuous flow in a
colorimetric detection SAN ++ analyzer in the vertical profiles of the Hotmix
cruise. In Hotmix experiments, P and N concentrations, after oxidation with
potassium persulfate (Valderrama, 1981), were determined with the modified
method of Murphy and Riley (1962) and by the ultraviolet spectrophotometric
method (Rice et al., 2012), respectively.
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1.3.2.3.Planktonic microrganisms:
Pigment analyses, chlorophyll a concentration (chl a) and phaeophytin a,
were measured fluorometrically after acetone extraction and subsequent
acidification (Yentsch and Menzel, 1963).
Identification of phytoplankton groups
Picophytoplankton abundances (Synechococcus sp., Prochlorococcus sp. and
picoeukaryote populations) were quantified by flow cytometry (Collier, 2000)
using a cytometer fitted with a laser emitting at 488 nm. The different groups
were identified based on the red and orange fluorescence and side scatter signals.
Larger algal groups were quantified using an inverted microscope
(Utermöhl, 1958) in the Malaspina cruise and by flow cytometry discriminating
the different algal groups based on fluorescence and scatter signals in the Hotmix
cruise.
Heterotrophic prokaryotic abundance (PHA) was determined by flow
cytometry (Gasol and del Giorgio, 2000), using a cytometer fitted with a laser
emitting at 488 nm. Prokaryotes were identified by their signatures in a plot of
side scatter versus green fluorescence.
Viral abundance (VA) was determined by flow cytometry fitted with a
laser emitting at 488 nm following Brussaard (2004). Viruses were identified by
their signatures in a plot of side scatter versus green fluorescence.
1.3.2.4. Planktonic metabolism:
Primary production (PP) was determined using the

14C

technique in the

Malaspina cruise (Steeman-Nielsen, 1952; Marañón et al., 2001) and was obtained
from

the

standard

product

of

the

Ocean

Productivity

(http://www.science.oregonstate.edu/ocean.productivity/),

based

website
on

the

Vertically Generalized Production Model (Behrenfeld and Falkowski, 1997), in
the Hotmix cruise.
Prokaryotic heterotrophic production (PHP) was measured by 3H-Leucine
incorporation into proteins (Kirchman et al., 1985) using the microcentrifugation
protocol proposed by Smith and Azam (1992). Leucine incorporation rates were
converted into carbon by using a theoretical factor of 1.55 kg C mol Leu-1 (Simon
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and Azam, 1989), assuming no internal isotope dilution (Kirchman and Ducklow,
1993).
Respiration (R) measurements in the Malaspina cruise were performed by
automated microWinkler titrations using a Dissolved Oxygen Analyser (DOA;
SiS®) with photometric end-point detection (Williams and Jenkinson, 1982). For
more details see the protocol in Arístegui et al. (2012) (details in Annex IV).

Figure 1. 8. Scheme of the used chemical and biological analysis for this dissertation.
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Chapter 2:
Exopolymer particles distribution and
contribution to the biological carbon
pump in the global ocean

Abbreviated title: Global distribution of exopolymer particles

Exopolymer particles stained with alcian blue and
excreted by Lepidodinium chlorophorum.
Photo: P. Claquin
Reference: Claquin et al., 2008
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2.1. Abstract
Exopolymer particles (EP), derived from acidic polysaccharides released
by microorganisms, can affect the biological pump by promoting the carbon
export towards the deep ocean. Here, we performed a detailed inventory of EP
concentrations from the surface to 4,000 m depth across the tropical and
subtropical regions of the Atlantic, Indian and Pacific Oceans. In the epipelagic
waters, the EP concentrations ranged from undetectable to 173.6 µg XG eq l-1
with maximum values above the deep chlorophyll maxima. The highest EP
concentrations were observed in upwelling regions of the Benguela, Costa Rica
Dome, Great Australian Bight and in the equatorial zones. In fact, primary
production (PP) was the best predictor of EP concentration in these waters. In the
meso- and bathypelagic waters, the EP concentrations mirrored the epipelagic
pattern indicating that the vertical export is a major process determining the EP
pool in the interior ocean. In the mesopelagic zone, besides the EP exported from
the epipelagic waters (< 200 m), EP concentrations were also positively related to
the in situ prokaryotic heterotrophic activity suggesting a de novo EP synthesis in
this zone. This mesopelagic synthesis could explain the EP transfer efficiencies
towards the bathypelagic zone higher than 100%. We speculate that this EP
synthesis in the deep ocean might be related to the lifestyle of the heterotrophic
prokaryotes, predominantly attached to particles. Our estimation of EP fluxes
below the sequestration depth (> 1000 m) averaged 1.2 g C m-2 year-1 (based on
the most conservative conversion factor to carbon). This estimation provides an
EP global export below the sequestration depth of 0.4 Pg C year-1. The global
pool of EP, in terms of carbon, obtained in this study was 4.8 Pg C or 8.4 Pg C
(depending on the conversion factors) accounting for one quarter or two fifths of
the global POC.
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2.2. Introduction
Exopolymer particles (EP), or transparent exopolymer particles (TEP,
Alldredge et al., 1993), are polysaccharide-enriched and organic gel-like particles
with a sticky nature generated by aquatic microorganisms (Passow, 2002a). The
origin of EP and their precursors is complex, involving microorganisms of
several trophic levels and physiological conditions (Prieto et al., 2001; Passow,
2002a, b; Ortega-Retuerta et al., 2010; Vardi et al., 2012). In the epipelagic zone,
phytoplankton are considered the main source of the EP precursors, i.e.
dissolved polysaccharides, usually released under stress conditions (BermanFrank and Dubinsky, 1999; Berman-Frank et al., 2007, Van Oostende et al., 2013).
Exudation of EP precursors by phytoplankton is determined by phytoplankton
abundance (Passow, 2002a), species composition (Passow and Alldredge, 1994;
Passow, 2002b; Fukao et al., 2010) and physiological status (Hong et al., 1997;
Passow, 2002a). More recently, EP production mediated by viral infection has
been also reported (Vardi et al., 2012; Lønborg et al., 2013). Vardi et al. (2012)
showed that stressed phytoplankton could produce a mucilage EP-rich barrier
againsts viral infection, although the cellular materials released by viral lysis also
can, by themselves, contribute to the development of the EP pool (Shibata et al.,
1997; Lønborg et al., 2013; Sheik et al., 2014).
Prokaryotes also actively release EP precursors (Passow, 2002b; OrtegaRetuerta et al., 2010) and participate in EP production from detritus (Ramaiah et
al., 2001; Thornton, 2004). Moreover, they can also modify the aggregation
properties of the algal exudates (Rochelle-Newall et al., 2010; Van Oostende et
al., 2013) or directly act as physical bonds among polymers (Sugimoto et al.,
2007). Therefore, EP-prokaryote interactions are really intricate. EP have been
considered both, as a food substrate or as a metabolic byproduct. On the one
hand, EP can provide a three-dimensional biopolymeric network that can be
colonized by bacteria (Passow and Alldredge, 1994, Verdugo et al., 2012),
becoming carbon-rich hot spots (Azam and Long, 2001). On the other hand, EP
can just constitute a physical support that facilitates prokaryotic life in
suspended aggregates (Bar-Zeev et al., 2012).
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EP distribution in marine systems has been mostly studied in coastal and
surface waters (e. g. Engel, 2004; Corzo et al., 2005; Ortega-Retuerta et al., 2009,
2010), generally during algal blooms (e. g. Kiørboe et al., 1996; Ramaiah et al.,
2001; Harlay et al., 2009; Leblanc et al., 2009; Van Oostende et al., 2012) or mucus
events (Radic et al., 2005; Scoullos et al., 2006). Therefore, the information on EP
distribution in the open and the deep ocean (> 200 m) is scarce. The only few
studies in the open ocean have reported low EP concentrations (Engel, 2004;
Leblanc et al., 2009; Ortega-Retuerta et al., 2010; Kodama et al., 2014), while EP
concentrations in the deep ocean appeared to be similar to those of the surface
ocean (Kumar et al., 1998; Bar-Zeev et al., 2011). In addition, there is little
knowledge on the biological drivers shaping EP distribution in the epipelagic
zone, where phytoplankton is present, versus those drivers involucrated in the
deep ocean (> 200 m) where prokaryotes are dominant.
Since EP are sticky gel-like particles, they can act as agglutinating glue
(Engel, 2000) easily ballasted by organic and mineral components (e.g. fecal
pellets, algal debris, clay, calcium carbonate) generating larger aggregates of
higher density known as “marine snow” (Alldredge and Silver, 1988; Logan et
al., 1995). The ballasted-EP can sink down into the deep ocean increasing the
magnitude of the “oceanic biological pump” and mineral exports (Passow et al.,
2001; Turley, 2002; De la Rocha and Passow, 2007). In this context, two boundary
depths have been defined in the ocean (Lampitt et al., 2008; Passow and Carlson,
2012; Turner, 2015). The “export depth” identified as the bottom of the euphotic
zone or as the maximum mixed layer, and the “sequestration depth” defined as
the bottom of the mesopelagic zone, where most of the organic matter
remineralization takes place and, consequently, a dramatic attenuation of export
carbon flux. The carbon exported below sequestration depth is usually
considered as carbon sequestered in the deep ocean for more than 100 years.
Exports mediated by EP can, therefore, be another relevant via of carbon
accumulation in the deep ocean, but there is no information on EP contribution
to carbon export in large oceanographic surveys. In fact, these EP fluxes can
account for up to approximately 50% of total particulate organic carbon (POC)
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exported to mesopelagic depths (Passow, 2002a; Ramaiah et al., 2005; Martin et
al., 2011).
We provide here a global inventory of exopolymer particles (EP) from
epipelagic to bathypelagic waters across the Atlantic, Indian and Pacific Oceans
and evaluate the potential biological drivers of EP distribution. We also
estimated EP fluxes at the export (200 m) and sequestration (1000 m) depths and
assessed the EP contribution to POC fluxes.
2.3. Material and methods
2.3.1. Study site and Sampling
Sampling was carried out from on board R/V Hespérides during the
circumnavigation expedition Malaspina 2010 (www.expedicionmalaspina.es)
crossing the N and S Atlantic, Pacific and Indian oceans from December 16th
2010 to July 10th 2011. A total of 125 stations were sampled in 7 different legs
(Figure 2.1.). Water samples were collected using a rosette of 24 Niskin bottles (12
l each) coupled to a conductivity and Seabird SBE 9 temperature–pressure probe
(CTD). Casts included surface waters (down to 200 m depth), which we consider
the zone where phytoplankton develops, and meso- and bathypelagic waters
from 200 m down to 4,000 m depth where most biotic activity is driven by
prokaryotes. A total of 10 depths were sampled, including 3-m, the depths
receiving 20% and 7% of surface photosynthetically active radiation (PAR), the
depth of the deep chlorophyll maximum (DCM) and at 20 meters below the
DCM. Samples below the surface layer (> 200 m depth) were collected at the
Deep Scattering Layer, the depth of the oxygen minimum, the depth of the
maximum salinity and at 4,000 m depth, trying to cover the maximum variability
of the deep ocean.
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Figure 2. 1. Map of the circumnavigation expedition Malaspina 2010 showing the 125 sampling stations (white dots) distributed in seven legs where EP
samples were collected at 10 depths from surface (3 m) and deep (down to 4,000 m) waters. Leg 1 from Cádiz, Spain to Rio de Janeiro, Brazil (23 stations), leg
2 from Rio de Janeiro to Cape Town, South Africa (15 stations), leg 3 from Cape Town to Perth, Australia (23 stations), leg 4 from Perth to Sydney, Australia
(10 stations), leg 5 from Auckland, New Zealand to Honolulu, USA (18 stations), leg 6 from Honolulu to Panama (21 stations) and leg 7 from Cartagena de
Indias, Colombia to Cádiz, Spain (15 stations). These stations were superimposed on a Moderate Resolution Imaging Spectroradiometer (MODIS) image
(Source: http://modis.gsfc.nasa.gov/) of chlorophyll a averaged for the whole sampling period from December 16th 2010 to July 10th 2011.
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2.3.2. Biological and chemical analyses
2.3.2.1.

Particulate organic carbon (POC)

Samples for POC (4-6 L) were filtered through GF/F filters (Whatmann).
POC was analyzed in a Carlo-Erba CHN analyzer after thawing the filters in an
atmosphere of HCl fumes to remove carbonates. Blanks were determined from
filters that have undergone every step in the procedure including the loading
into filter holders, and had been washed with distilled water. Only samples for
the epipelagic and mesopelagic zone were available.
2.3.2.2.

Concentration of exopolymer particles (EP)

EP concentrations were determined using the alcian blue method (Passow
and Alldredge, 1995). Duplicate or triplicate samples (250- 1500 ml) were gently
filtered through 0.4 µm polycarbonate filters (25 mm diameter, Poretics) and the
exopolymer particles (EP) retained on the filters were fully covered with 0.5 ml of
a 0.02 % solution of alcian Blue (Sigma) in 0.06 % acetic acid (pH 2.5) for 5
seconds (Figure 2.2.). The stained filters were frozen at -80ºC on board until
analysis in the laboratory.
The alcian blue was extracted from the unfrozen filters adding 5 ml of
sulfuric acid (80 % v/v) and the absorbance of the solution was measured at 787
nm in 1 cm-path disposable polystyrene cuvettes using ultrapure water as blanks
(Figure 2.2.). Three blanks were performed in each batch of samples (including
staining and freezing in parallel to the samples). Each solution of alcian blue was
calibrated using a fresh standard solution of xanthan gum (XG). Four or five
known volumes of XG solution were filtered through pre-weighed polycarbonate
filters and weighted again to determine the exact quantity of the XG solution.
Another similar set of filters were stained and analyzed, as described above, to
get the correspondence between weights and absorbances. Then, a calibration
curve was prepared for each alcian blue solution (Figure 2.3.).
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Figure 2. 2. Laboratory procedure to determinate EP concentrations by the colorimetric alcian
blue technique. On board, the 0.4 µm polycarbonate filters (A) were placed in the filtration
system (B) and the retained EP were stained with alcian blue solution (C). Then, the filters were
frozen (-80ºC). In the laboratory, the unfrozen and stained filters were placed in test tubes and
extraction of the alcian blue dye was performed during 2 – 3 hour with sulfuric acid (80 %) (D)
shaking several times during extraction (E). In the laboratory, the absorbance of the extracted
solution was measured at 787 nm (F). More details in Mazuecos et al. (2012) (details in Annex
IV).
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Figure 2. 3. Calibration curve (solid black line) used to relate the absorbance of alcian
blue dye at 787 nm with the weight of Xanthan Gum (µg). The Xanthan Gum (XG)
weight was obtained as the difference between before and after filtering a known XG
solution. Each symbol represents different calibration curves.
The EP concentrations were calculated as:
EP concentration (µg XG eq. L-1) = (Asample – Ablank) V-1 x f
where Asample is the absorption of the sample at 787 nm, Ablank is
absorption of the blank (filter + alcian blue), V is the filtered volume of seawater
sample (L) and f is the calibration factor (1/slope). The results are expressed as
µg of XG equivalents per liter (µg XG eq. L-1). The detection limit of the technique
was 2.2 µg XG eq L-1 and the average coefficient of variation in replicate samples
was ~ 20 %. Although there is not still a standard conversion factor, EP
concentrations were converted into carbon units (C-EP) using the lowest and the
overall conversion factors found in the literature of 0.51 and 0.75 μg C per μg XG
eq. (Engel and Passow, 2001) to give an first approximation of carbon contained
in the EP pool and the contribution to the global POC pool.
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2.3.2.3.

Primary production (PP)

The incorporation of carbon into the dissolved and particulate fractions
was measured using the

14C

technique (Steeman-Nielsen, 1952; Marañón et al.,

2001). Five or six depths were systematically sampled from near-surface waters
to the DCM depth or in stations with shallow DCM the upper 100 m. Water
samples (75 ml) were transferred to one dark and three light bottles at each depth
and station. The samples were incubated under artificial light (12 hours) after
addition of 10-20 µCi (370 Kbq) of sodium bicarbonate (NaH14CO3). At the end of
the incubations, 5-ml aliquots of each sample were placed into 20 ml scintillation
vials for determination of total labelled organic carbon, total primary production
(TPP), that includes the dissolved organic carbon (DOC) and the particulate
organic carbon (POC) generated. An aliquot of 5 ml of each sample was filtered
onto 0.20 µm polycarbonate filters and the water passing the filter was used to
estimate DOC production. The remaining 65-ml of the water was filtered through
0.2 μm filters and the filters were collected for determination of the POC
production. Filters were placed into vials and exposed to concentrated
hydrochloric acid fumes for a minimum of 12 h before the addition of 3.5 ml
Packard Ultima Gold liquid scintillation cocktail. Liquid samples (TPP and DOC)
were acidified with 100 µl of hydrochloric acid (5 N) and shaked during 24 h
before addition of 15 ml Ultima Gold XR scintillation cocktail. Radioactivity
(disintegrations per minute, dpm) was measured in a Packard Tri-Carb 4000
scintillation counter. Dissolved or particulate primary production rates (µg C l-1
d-1) were calculated by subtracting the counts per minute of the dark bottles
(dpmdark) from the respective light ones (dpmlight) to correct for nonphotosynthetic

14C-incorporation.

We used a value of 25,700 µg C l-1 for the

concentration of dissolved inorganic carbon (DIC). The formula used was:
Primary production (µg C l-1 d-1) = [incubated volume (ml) /filtered volume (ml)]
x DIC x [(dpmlight - dpmdark)/dpm added x incubation time (days)].
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2.3.2.4. Chlorophyll a concentration (chl a)
Chl a concentration was determined fluorometrically after acetone
extraction (Yentsch and Menzel, 1963). From 200 ml to 500 ml were filtered
through 25 mm Whatman GF/F filters. Chl a was extracted after addition of 5-7
ml of 90% acetone, during 24 hours in the dark at 4 ºC. After measurement of the
fluorescence in a Turner Design fluorometer, concentration was calculated as:
Chl a (µg l-1) = F x (Rs – Ra) x Va / Vs where F is the fluorimeter conversion factor,
Rs is the fluorescence of the sample and Ra is the acetone blank, Va is the 90%
acetone volume added and Vs is the sample volume filtered.
2.3.2.5. Identification of phytoplankton groups
Abundances of Synechococcus sp., Prochlorococcus sp. and picoeukaryotes
were quantified by flow cytometry (Collier, 2000) using a FACScalibur flow
cytometer (BD Biosciences) fitted with a laser emitting at 488 nm. Three replicate
samples were measured in vivo on board immediately after sampling. A
calibrated solution of 1 µm diameter yellow-green fluorescent latex beads
(Polysciences) was added as an internal standard for the quantification of cell
concentrations. Identification was based on the red (FL3) and orange (FL2)
fluorescence and side scatter (SSC) signals. The counts of cells and beads were
obtained from the cytograms created by the Cell Quest software (BecktonDickinson), and then, converted to cell abundances (cell ml-1) of each
picophytoplankton population.
For larger specific algal groups, a volume of about 250 ml of water was
introduced into glass bottles, fixed with hexamine-buffered formaldehyde
solution at 1% final formalin concentration and stored until microscopic
examination. 100 ml composite chambers were filled with sample that was
allowed to settle during 48 hours. Two or more transects of the chamber bottom
were examined with an inverted microscope (Utermöhl, 1958) under 312 X
magnification to count the smaller cells, and the whole chamber bottom was
scanned to identify the larger, less frequent forms. When possible, identification
was made at the level of species, but many organisms had to be pooled in
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categories such as “small dinoflagellates”, “small flagellates” or “small
coccolithophorids” (in this case, mainly Emiliania huxleyi and Gephyrocapsa sp.).
2.3.2.5. Prokaryotic heterotrophic abundance (PHA) and production (PHP)
Prokaryotic heterotrophic abundance (PHA) was determined by flow
cytometry (Gasol and del Giorgio, 2000), using a FACScalibur cytometer (BD
Biosciences) fitted with a laser emitting at 488 nm. Samples were obtained from
the same Niskin bottles and 1.5 ml aliquots were fixed with 1% of
paraformaldehyde + 0.05 % glutaraldehyde (final concentrations), deep-frozen in
liquid nitrogen and stored at -80 ºC until analysis (less than one week after
collection). Prokaryotes were stained with SybrGreen I (10x final), detected in a
plot of side scatter against green fluorescence, and cyanobacteria were deleted in
a plot of green vs red fluorescence. In the surface samples where Prochlorococcus
could not unambiguously be separated from the other prokaryotes, we run a
simultaneous unstained sample and the final concentration of cyanobacteria
deleted from the total prokaryotic abundance counts. Flow rate was measured
several times per day by measuring the volume acquired per unit of time with a
well-calibrated pipette and after removal of the outer sleeve of the sample
injection tube. This flow rate (µl min-1) was used to convert the events min-1 into
cellular concentrations. We used 1 µm yellow-green Polysciences beads for
reference and to even up the scaling of scatter and fluorescence among samples.
Prokaryotic heterotrophic production (PHP) was estimated from 3HLeucine (specific activity=144.2 Ci mmol-1) incorporation into proteins (Kirchman
et al., 1985) using the microcentrifugation protocol proposed by Smith and Azam
(1992). In the surface and mesopelagic waters, four replicates and two
trichloroacetic acid (TCA)-killed blanks in microcentrifuge tubes (1.2 ml) were
added L-[4, 5-3H] leucine at 20 nM. Samples and blanks were incubated (for 1 to
10 h) at in situ temperature. Incubations were stopped by addition of TCA to
50%, centrifuged (10 min. and 10000 r.p.m.) and rinsing with TCA 5%. Then, 1 ml
scintillation cocktail, Optisafe HiSafe scintillation cocktail (Wallac-Perkin Elmer),
was added. In the deep samples (≥ 1000 m depth) we used the filtration instead
of centrifugation. L-[4, 5-3H] leucine at 5 nM of final concentration was added to
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four 40 ml-replicates and two blanks (adding 4 ml of 37% formaldehyde) falcon
tubes and then incubated for 4 to 12 hours. Incubations of the replicate samples
were stopped adding 4 ml of 37% formaldehyde. Replicates and blanks were
filtrated through 0.2 µm filters (47 µm diameter) and the filters were washed and
rinsed three times with 5 ml TCA to 5% concentration. Dry filters were placed
inside of scintillation vials and 9 ml scintillation cocktail (Optisafe FilterCount,
Perkin-Elmer) was added. Radioactivity was measured in a liquid scintillation
counter (Beckman LL6000) on board after 24 h.
Leucine incorporation rates were converted into carbon by using a
theoretical factor of 1.55 kg C mol Leu-1 (Simon and Azam, 1989), assuming that
isotope dilution was negligible under the saturating concentration of 3H‐Leucine.
2.3.2.6. Viral abundance (VA)
Viral abundance (VA) was counted by flow cytometry using a
FACScalibur flow cytometer (BD Biosciences) fitted with a laser emitting at 488
nm (Brussaard, 2004). Samples (2 ml) were fixed with 25% glutaraldehyde (0.5 %
final concentration), deep-frozen in liquid nitrogen and stored at – 80 ºC until
analyses in the lab as described in Marie et al (1999). Samples were diluted with
TE (1x Tris-ethylenediaminetetraacetic acid) buffer such the event rate were
between 100 to 800 viruses s-1 and stained with SybrGreen I. Then, samples were
run at a medium flow speed, rates ranging from 61 to 77 µl min-1. Using these
flow rates, VA (virus like particle l-1) was determined from virus-like particle
counts obtained in FL1 versus SSC plots.
2.3.3. Data Analyses
Statistical analyses were performed in Statistica 6.0 (StatSoft Inc., 1997).
The data were log-transformed to fit the regression assumptions of normality
and homoscedasticity. Regression analyses were performed to examine the
relationships between EP distribution and the potential biological drivers:
phytoplankton, heterotrophic prokaryotes and virus. Depth-integrated data were
calculated using a conventional trapezoid method (Hornbeck, 1975).
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2.3.3.1. Estimations of the EP export (EP F200) and sequestration (EP F1000) fluxes
To estimate the EP export fluxes at 200 m (EP F200) and at 1000 m (EP F1000),
which has been called “sequestration” depth (Passow and Carlson, 2012) in mg C
m-2 d-1, we first calculated the corresponding POC fluxes at these depths and
then applied the relationship that we obtained between POC and EP in this largescale oceanographic survey.
To determine the POC fluxes derived from primary production, we used
the algorithm of Martin et al. (1987), as described by Yokokawa et al. (2013). First,
we calculated the POC fluxes at 100 m depth (F100) with the equation proposed
by Berger and Wefer (1990) as:
POC F100 (mg C m-2 d-1) = 2 x PP1/2 x (PP/100)
where PP is the depth-integrated primary production measured during the
circumnavigation. Then, we estimated the POC flux (Fz) at the two selected
depths (z) of 200 m and 1000 m using the power function of Martin et al. (1987):
POC Fz (mg C m-2 d-1) = F100 x (z/100)-b
where b the coefficient of flux attenuation estimated with the equation proposed
by Marsay et al. (2015). This coefficient is dependent on the median temperature
in the upper 500 m (T):
b = (0.062 × T) + 0.303
2.3.3.2. Transfer efficiency of exopolymer particles (EP TE) between zones
EP transfer efficiency (EP TE) between adjacent vertical zones (epi-, mesoand bathypelagic) is defined as the EP percentage that represents the EP
concentration in top layer with respect the layer immediately below.
The EP transfer efficiency from epipelagic to mesopelagic waters (EP TEepimeso)

was calculated as:

 1000m
l
 200m meso
EPTE

x100
epi  meso
 200m
l
[ EP ]
 0m
epi
[ EP ]

where

[ EP ]

1000m
 200m

is the depth-integrated EP concentration between 200 m and 1000

m depth, lmeso the length of mesopelagic zone in meters,

[ EP ]

 200m
 0m

is the depth-
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integrated EP concentration between surface and 200 m depth, lepi is the length of
epipelagic zone.
Additionally, the EP transfer efficiency from mesopelagic to bathypelagic
waters (EP TEmeso-bathy) was calculated as:

 4000m
[ EP ]
 1000m
EPTE

meso  bathy
 1000m
[ EP ]
 200m
where

[ EP ]

 4000m
1000m

l
bathy

x100

l
meso

is the depth-integrated EP concentration between 1000 m and 4000

m depth, lbathy the length of bathypelagic zone,

[ EP ]

1000m
 200m

is the depth-integrated EP

concentration between 200 m and 1000 m depth, and lmeso is the length of the
mesopelagic zone in meters.
Finally, the contribution of EP to the total POC fluxes (EP %POC Flux) at
200 m and 1000 m depths was calculated as:
EP %POC Flux = (EP Flux /POC Flux) x 100
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2.4. Results
2.4.1. EP profiles and distribution across the different oceanic basins
EP profiles were very consistent across all the oceanic basins with
systematic higher concentrations in the epipelagic zone than in the deep (>200 m)
ocean (Figure 2.4.). EP concentrations at the epipelagic waters were very variable,
ranging ca. three orders of magnitude from 0.4 to 173.6 µg XG eq l-1 and a median
value of 14.0 µg XG eq l-1. It is noticeable that the highest EP concentrations were
observed in surface waters of the South Atlantic Ocean (Figure 2.4.). The EP
concentrations in the deep waters were very homogeneous, usually with values
below 50 µg XG eq l-1 (Figure 2.4.). The median concentration in the mesopelagic
zone was of 5.3 µg XG eq l-1, with a range from undetectable to 64.7 µg XG eq l-1
and the concentrations in the bathypelagic zone ranged from undetectable to 40.6
µg XG eq l-1 with a median value of 4.9 µg XG eq l-1.
EP concentrations decreased with depth in all the oceanic basins (Figure 2.
4). The exponential fit of the regressions was EP (µg XG eq l-1) = 20.30 (± 0.73) e2.64(± 0.33) x depth (km)
1)

(r2 = 0.15 and p-value < 0.001), the power fit was EP (µg XG eq l-

= 27.78 (± 1.57) x depth-0.17 (± 0.01) with depth expressed in meters (r2 = 0.14 and

p-value < 0.001)and the log-log regression was Log10 EP (µg XG eq l-1) = -0.25 (±
0.01) Log10 depth (m) + 1.47 (± 0.03) (r2 = 0.27 and p-value < 0.001).
The regions with the highest EP concentrations in the epipelagic zone
were observed in the South Atlantic Ocean close to the Benguela upwelling, in
the North Pacific Ocean close to the upwellings of the Costa Rica Dome, in the
Great Australian Bight coastal waters and in the equatorial regions (Figure 2.5. A,
orange and green color). It is remarkable that the maximum EP concentrations in
the epipelagic zone corresponded to regions with comparatively shallow DCM
depths (black dashed lines in Figure 2.5. A), resulting in an inverse relationship
between depth-integrated EP in epipelagic waters and the DCM depth (N=118;
Log10EP = -0.46 (± 0.12) Log10DCM depth + 4.09 (± 0.25), r2 = 0.11, p-value =
0.0003). The shallower the DCM depth, the higher the epipelagic EP
concentrations were. We also observed vast areas with extremely low EP
concentrations, particularly important close to the Iberian coasts and in the
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middle of the South Atlantic and Indian gyres. In the deep waters, the EP
distribution reproduced a similar pattern to than observed in the epipelagic zone
with maximum values in the upwelling regions (Figure 2.5. B). In fact, we found
a significant and positive relationship between the depth-integrated EP
concentrations in the epipelagic

waters

and

the depth-integrated EP

concentrations in the mesopelagic waters (Figure 2.6. A) as well as between these
latter values and the depth-integrated EP concentrations in the bathypelagic
waters (Figure 2.6. B). In fact, this mirror pattern between epipelagic and deep
waters was statistically significant and suggests a major role of the EP downward
exports at the global scale.
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Figure 2. 4. Vertical profiles of exopolymer particles (Log10-transformed) in different oceanic
basins (North and South Pacific, North and South Atlantic and Indian Oceans). Gray open
triangles correspond to the raw data. Gray boxes are the 25-75% percentiles, black lines inside the
boxes represent the median values and the whiskers are the range of EP binned in the next
intervals: 0 – 100 m, 100 – 200 m, 200 – 600 m, 600 – 1000 m, 1000 – 4000 m.
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Figure 2. 5. Geographical distribution of the concentration of exopolymer particles in the epipelagic zone (from 3 m to 200 m depth) (A) and in the deep ocean
(from 200 m to 4000 m) (B). Black dashed lines correspond to the Deep Chlorophyll Maximum depth and the vertical white dashed lines plot the equator. Note
that the EP concentrations in the epipelagic and deep waters have different scales.
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Figure 2. 6. Log-log relationships between depth-integrated EP (A) in the epipelagic (Epi-EP)
and mesopelagic (Meso-EP) waters [n = 74, r2 = 0.58 and p-value < 0.001; Log10 Meso-EP = 1.60
(± 0.16) Log10 Epi-EP – 1.71 (± 0.50)] and (B) between depth-integrated EP in mesopelagic
(Meso-EP) waters and depth-integrated EP in the bathypelagic waters (Bathy-EP) [n = 65, r2 =
0.58 and p-value < 0.001; Log10 Bathy-EP = 0.64 (± 0.06) Log10 Meso-EP + 1.84 (± 0.23)].
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2.4.2. EP Contribution to the POC pool
We found a significant and positive correlation between EP and POC
concentrations (Figure 2.7.).

Figure 2. 7. Log-log relationship between exopolymer particles (EP) and particulate organic
carbon (POC) including all epipelagic and mesopelagic samples available from this global study
(n = 478; Log10 EP = 0.73 (± 0.06) Log10 POC + 0.11 (± 0.08), r2 = 0.25 and p-value < 0.00001).

We expressed EP concentration in carbon units (C-EP) to estimate the
contribution of EP to the total POC pool (%POC) (Table 2.1.). The contribution of
EP as % of POC was slightly higher in the epipelagic waters, and particularly in
waters above the DCM depth, than in the mesopelagic waters. This percentage
was particularly high at 3-m surface and subsurface depths (Table 2.1.).
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Table 2. 1. Carbon content (C-EP) of the exopolymer particles, median and ranges in the
epipelagic, mesopelagic and bathypelagic waters, estimated by using the conversion factors (CF)
of 0.51 and 0.75 μg C per μg XG eq (Engel and Passow, 2001), and their corresponding
percentage of the POC pool [%POC = (C-EP / POC) x 100].

Epipelagic waters
Surface (3 m)
Subsurface
DCM
Below DCM

Mesopelagic waters
Bathypelagic waters

Carbon content
Median (Range)
µg C l-1

CF 0.51

Median
%POC
CF 0.75

10.5 (0.3-130.2)
12.2 (0.3-89.9)
12.4 (1.1-130.2)
8.8 (0.4-99.7)
8.2 (0.6-73.8)
4.0 (0.0-48.5)
3.7 (0.0-30.4)

33
35
37
29
30
28
-

48
51
55
42
45
42
-

N
411
110
97
103
101
67

-

2.4.3. Biological factors driving EP distribution
We assessed the relevance of various biological factors shaping EP
distributions both in the epipelagic zone and in the deep ocean by using
regression analysis. Significant log-log relationships between EP concentration
(as dependent variable) and different biological drivers (independent variables)
in the epipelagic waters are shown in Table 2.2. (phytoplanktonic variables) and
in Table 2.3. (heterotrophic variables).
We found a positive and significant relationship between EP concentration
and primary production (PP), in volumetric terms, in all the oceanic basins
except in the South Pacific (Table 2.2.). In addition, the depth-integrated EP
concentration was also significantly related to the depth-integrated PP (Figure
2.8.), which underlines the main role of the phytoplanktonic exudates in
determining EP concentration in surface waters. However, this positive
relationship was not equally robust for the concentration of chlorophyll a in
volumetric terms (Table 2.2.) or in depth- integrated values (n = 118; r2 = 0.09, pvalue = 0.0009 and slope = 0.45 ± 0.13).
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A detailed exploration of the influence of the different phytoplanktonic
groups, showed that cyanobacteria (Prochlorococcus sp., Synechococcus sp.) were
significant and positively related to EP concentration, although the explained
variances were low, always below 36% (Table 2.2.). Despite these low variances,
these relationships were consistent in all ocean basins with similar slopes among
them (close to 0.20) and the slopes were also similar for both cyanobacteria types,
Prochlorococcus sp. and Synechococcus sp., underlining the consistency of this
pattern (Table 2.2.). Unexpectedly, we did not find any significant relationship
between EP concentration and diatom abundances (Table 2.2.).
In relation to the role of heterotrophic prokaryotes and viruses in the
epipelagic zone, we found positive relationships in volumetric terms, but with
low explained variance (with values lower than 0.35) (Table 2.3.). The production
by heterotrophic prokaryotes (PHP) and virus abundance (VA) were weakly
correlated to EP concentration. However, PHA was more consistently correlated
to EP concentration, except in the South Pacific. The slopes of these last
relationships varied greatly between 0.14 in the North Pacific Ocean and 1.14 in
the North Atlantic Ocean (Table 2.3.). The depth-integrated PHP and PHA in the
epipelagic waters were not significantly correlated to the depth-integrated EP
concentration (p-value > 0.05).
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Figure 2. 8. Log-log relationship between depth-integrated exopolymer particles concentration
(Epi-EP) and depth-integrated primary production (PP) in the epipelagic zone [n= 107, r2 = 0.23
and p-value < 0.001; Log10 Epi-EP = 0.42 (± 0.08) Log10 PP + 1.92 (± 0.20)]. Depth-integrated
EP concentrations are converted to carbon units using the overall conversion factor of 0.75 μg C
per μg XG eq.
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Table 2. 2. Results of the log-log regression analyses in the epipelagic waters between exopolymer
particles and phytoplankton. * means significant regressions (p-value < 0.05) and n.s. indicates nonsignificant regressions. Other algal groups refer to the algal taxa that were not consistently visualized at
all sampling stations.
Dependent var.
Exopolymer
particles
(µg XG eq l-1)

Independent var.
Primary production
(mg C m-3 day-1)

Chlorophyll a
(µg L-1)

Prochlorococcus sp.
(cell ml-1)

Synechococcus sp.
(cell ml-1)

Picoeukaryotes
(cell ml-1)

Coccolithophores
(cell ml-1)

Diatoms
(cell ml-1)

Dinoflagellates
(cell ml-1)

Other algal groups
(cell ml-1)

Geographical
region

Slope

Intercept.

r2

(±SE)

(±SE)

p-value

N

Global*
South Pacific
North Pacific*
North Atlantic*
South Atlantic*
Indian*
Global*
South Pacific*
North Pacific
North Atlantic
South Atlantic
Indian*
Global*
South Pacific*
North Pacific*
North Atlantic*
South Atlantic*
Indian*

0.29 (± 0.04)
0.20 (± 0.05)
0.39 (± 0.08)
0.21 (± 0.08)
0.48 (± 0.09)
0.10 (± 0.04)
-0.43 (± 0.13)
0.36 (± 0.10)
0.25 (± 0.03)
0.30 (± 0.11)
0.17 (± 0.05)
0.14 (± 0.05)
0.27 (± 0.06)
0.36 (± 0.05)

1.40 (± 0.03)
1.36 (± 0.04)
1.40 (± 0.06)
1.39 (± 0.07)
1.55 (± 0.10)
1.19 (± 0.03)
0.90 (± 0.10)
1.31 (± 0.08)
-0.08 (± 0.12)
-0.18 (± 0.52)
0.37 (± 0.24)
0.47 (± 0.24)
-0.24 (± 0.30)
-0.62 (± 0.24)

0.14
0.16
0.19
0.06
0.19
0.01
0.18
0.07
0.15
0.12
0.08
0.07
0.14
0.24

< 0.001
n.s.
< 0.001
< 0.001
< 0.05
< 0.001
< 0.05
< 0.05
n.s.
n.s.
n.s.
< 0.001
< 0.001
< 0.05
< 0.05
< 0.05
< 0.001
< 0.001

426
36
90
94
91
115
561
49
122
126
115
149
586
55
127
120
125
159

Global*
South Pacific
North Pacific*
North Atlantic*
South Atlantic*
Indian*
Global*
South Pacific*
North Pacific*
North Atlantic*
South Atlantic
Indian*
Global*
South Pacific*
North Pacific
North Atlantic
South Atlantic*
Indian*
Global
South Pacific
North Pacific
North Atlantic
South Atlantic
Indian
Global*
South Pacific
North Pacific
North Atlantic*
South Atlantic*
Indian*
Global*
South Pacific
North Pacific*
North Atlantic
South Atlantic*
Indian

0.20 (± 0.01)
0.15 (± 0.02)
0.23 (± 0.03)
0.19 (± 0.03)
0.27 (± 0.03)
0.24 (± 0.02)
-0.23 (± 0.06)
0.21 (± 0.03)
0.29 (± 0.06)
0.39 (± 0.04)
0.25 (± 0.05)
-0.32 (± 0.12)
0.32 (± 0.12)
0.28 (± 0.08)
0.57 (± 0.10)
0.06 (± 0.03)
0.35 (± 0.06)
0.31 (± 0.12)
0.26 (± 0.07)
0.81 (± 0.14)
0.21 (± 0.05)
0.21 (±0.07 )
0.25 (± 0.08)
0.23 (± 0.14)

0.52 (± 0.04)
0.70 (± 0.07)
0.36 (± 0.11)
0.58 (± 0.09)
0.24 (± 0.09)
0.44 (± 0.06)
1.77 (± 0.15)
0.56 (± 0.10)
0.27 (± 0.18)
0.00 (± 0.11)
0.23 (± 0.18)
2.43 (±0.43)
-0.10 (± 0.66)
0.15 (± 0.29)
-0.99 (± 0.35)
1.01 (± 0.08)
-0.01 (± 0.19)
0.09 (± 0.41)
0.33 (± 0.24)
-1.68 (± 0.48)
0.37 (±0.18)
0.41 (± 0.29)
0.26 (± 0.29)
0.28 (± 0.48)

0.26
0.32
0.29
0.26
0.36
0.17
0.22
0.25
0.16
0.36
0.08
0.18
0.05
0.17
0.27
0.01
0.04
0.08
0.16
0.26
0.06
0.10
0.14
0.03

< 0.001
n.s.
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
n.s.
< 0.001
< 0.001
< 0.05
n.s.
0.065
< 0.001
< 0.001
0.069
n.s.
n.s.
n.s.
n.s.
n.s.
< 0.001
n.s.
n.s.
< 0.05
< 0.001
< 0.001
< 0.001
n.s.
< 0.05
n.s.
< 0.05
0.096

589
55
127
128
120
159
586
55
127
128
120
159
349
32
72
77
71
97
349
32
72
77
71
97
349
32
72
77
71
97
349
32
72
77
71
97
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Table 2. 3. Results of the log-log regression analyses in the epipelagic waters between exopolymer
particles and heterotrohic prokaryotes and viruses. * = significant regressions (p-value < 0.05)
and n.s. means non-significant regression.
Dependent
var.

Independent
var.

Exopolymer
particles
(µg XG eq l-1)

PH production
(µg C l-1 d-1)

PH abundance
(cell ml-1)

Viral
abundance
(vir. ml-1)

Geographical
region

Slope

Intercept.

(±SE)

(±SE)

Global*
South Pacific
North Pacific*
North Atlantic
South Atlantic*
Indian
Global*
South Pacific
North Pacific*
North Atlantic*
South Atlantic*
Indian*
Global*
South Pacific
North Pacific*
North Atlantic*
South Atlantic
Indian*

0.07 (± 0.02)
0.08 (± 0.03)
0.13 (± 0.05)
0.27 (± 0.05)
0.14 (± 0.07)
1.14 (± 0.14)
0.51 (± 0.10)
0.40 (± 0.11)
0.18 (± 0.04)
0.24 (± 0.08)
0.28 (± 0.07)
0.31 (± 0.11)

1.16 (± 0.02)
1.22 (± 0.03)
1.23 (± 0.03)
-0.43 (± 0.27)
0.34 (± 0.40)
-5.55 (± 0.82)
-1.75 (± 0.60)
-1.24 (± 0.66)
-0.12 (± 0.28)
-0.46 (± 0.53)
-0.76 (± 0.50)
-1.08 (± 0.76)

r2

p-value

N

0.02
0.05
0.06
0.05
0.03
0.35
0.18
0.08
0.04
0.08
0.10
0.05

< 0.05
n.s.
< 0.05
n.s.
< 0.05
n.s.
< 0.001
n.s.
< 0.05
< 0.001
< 0.001
< 0.001
< 0.001
n.s.
< 0.05
< 0.001
n.s.
< 0.05

558
51
128
122
108
149
573
56
128
126
113
150
554
56
119
127
93
159

In Table 2.4. we present the results of the regressions analysis in the
mesopelagic zone. The EP concentrations were weakly correlated to PHA and
PHP, while we did not find any relationship with VA. The relationships between
EP concentrations and PHA were significant only in the Indian Ocean, while
these relationships with the PHP rates were inconsistent with negative slopes in
the Pacific basins, positive in the Atlantic basins and absent in the Indian basin
(Table 2.4.). Interestingly, and unlike the epipelagic zone, the depth-integrated
PHP was significant and positively related to the depth-integrated EP
concentration (Figure 2.9.), and the depth-integrated PHA in mesopelagic waters
was weakly and positively related to depth-integrated EP (n = 72; r2 = 0.07, pvalue < 0.05 and slope = 0.58 ± 0.25). No significant relationships were observed
in the bathypelagic waters either considering the data in volumetric terms or the
depth-integrated values.

Mazuecos I. P. PhD dissertation | 70

Global distribution of exopolymer particles
Table 2. 4. Results of the log-log regression analyses in the mesopelagic waters between
exopolymer particles and biological variables. * = significant regressions (p-value < 0.05) and n.s.
means non-significant regression.
Dependent
var.

Independent
var.

Exopolymer
particles
(µg XG eq l-1)

PH production
(µg C l-1 d-1)

PH abundance
(cell l-1)

Viral
abundance
(vir. ml-1)

Geographical
region

Slope

Intercept.

(± SE)

(±SE)

Global*
South Pacific*
North Pacific*
North Atlantic*
South Atlantic
Indian
Global*
South Pacific
North Pacific
North Atlantic
South Atlantic
Indian*
Global
South Pacific
North Pacific
North Atlantic
South Atlantic
Indian

0.15 (± 0.06)
-0.29 (± 0.11)
-0.20 (± 0.09)
0.35 (± 0.13)
0.28 (± 0.16)
0.21 (± 0.11)
0.43 (± 0.22)
0.96 (± 0.39)
-

0.89 (± 0.08)
0.46 (± 0.12)
0.59 (± 0.13)
1.04 (± 0.19)
1.06 (± 0.30)
-0.43 (± 0.55)
-1.44 (± 1.08)
-4.47 (± 2.03)
-

r2

p-value

N

0.04
0.27
0.08
0.22
0.06
0.02
0.11
0.11
-

< 0.05
< 0.05
< 0.05
< 0.05
n.s.
0.080
< 0.05
n.s.
n.s.
n.s.
0.057
< 0.05
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

190
22
55
30
32
51
203
23
56
36
34
54
194
23
54
37
29
51

Figure 2. 9. Log-log relationship between depth-integrated EP concentrations and PHP in the
mesopelagic zone [n= 71, r2 = 0.13 and p-value < 0.001; Log10 Meso-EP = 0.37 (± 0.11) Log10
PHP + 3.15 (± 0.06)]. Depth-integrated EP concentrations are converted to carbon units using
the overall conversion factor of 0.75 μg C per μg XG eq.
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2.4.4. EP export and sequestration fluxes
Estimates of the EP export fluxes (EP F200) using the lowest and the overall
carbon conversion factors are shown in the Table 2.5., with the highest values in
the North Pacific and North Atlantic basins (Figure 2.10. A). EP transfer
efficiency from epipelagic to mesopelagic waters (EP TEepi-meso) showed that
approximately one third of the epipelagic EP reached the mesopelagic waters.
The average EP TEepi-meso was 35% ranging from 3 to 86 % (Table 2.5.), with the
highest values in the North Pacific Ocean (Figure 2.10. B). Similarly, EP fluxes
were about one third of the total POC flux at 200 m depth (EP % POC Flux 200)
(Table 2.5.). The highest EP contributions to POC fluxes were observed in the
Indian Ocean (Figure 2.10. C). The depth-integrated EP concentration in the
mesopelagic waters (Meso-EP) was positive and significantly related to EP
exports from 200 m [n = 65, r2 = 0.30 and p-value < 0.001; Log10 Meso-EP = 1.06 (±
0.20) Log10 EP F200 + 1.84 (± 0.27)] (Figure 2.10. D) and to the EP transfer efficiency
from epipelagic to mesopelagic waters [n = 71, r2 = 0.55 and p-value < 0.001;
Log10 Meso-EP = 1.39 (± 0.15) Log10 EP TEepi-meso + 1.14 (± 0.23)] (Figure 2.10. E).
However, EP contribution to the total POC flux from the epipelagic to the
mesopelagic zone was significant but inversely related to the depth-integrated
EP concentration in the mesopelagic waters [n = 65, r2 = 0.30 and p-value < 0.001;
Log10 Meso-EP = -2.87 (± 0.55) Log10 EP %POC Flux200 + 7.53 (± 0.83)] (Figure 2.10.
F).
Estimates of the EP fluxes at sequestration depth (EP F1000) are also shown
in Table 2.5. The highest values were observed in the North Pacific and North
Atlantic basins, like the EP export fluxes (Figure 2.11. A). EP transfer efficiency
from mesopelagic to bathypelagic waters (EP TEmeso-bathy) ranged from 25 to 245%
(Table 2.5.), with values above 100 % in the South Pacific and North Atlantic
Oceans (Figure 2.11. B) revealing that most of EP that reached the mesopelagic
waters should be exported towards the bathypelagic zone along with other EP
from different sources located in the mesopelagic zone. EP fluxes accounted for
about half of the total POC flux at 1000 m depth (EP % POC Flux100) (Table 2.5.).
The highest EP contributions to POC fluxes were observed in the Indian Ocean
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(Figure 2.11. C). The depth-integrated EP concentration in the bathypelagic
waters (Bathy-EP) was positive and significantly related to the EP fluxes from
1000 m [n = 60, r2 = 0.31 and p-value < 0.001; Log10 Bathy-EP = 0.97 (± 0.19) Log10
EP F1000 + 3.27 (± 0.13)] (Figure 2.11. D) and to the EP transfer efficiency from
mesopelagic to bathypelagic waters, but more weakly [n = 65, r2 = 0.08 and pvalue = 0.028; Log10 Bathy-EP = 0.60 (± 0.26) Log10 EP TEmeso-bathy + 2.70 (± 0.52)]
(Figure 2.11. E). In contrast, EP contribution to the total POC flux from the
mesopelagic to the bathypelagic zone was significant but inversely related to the
depth-integrated EP concentration in the bathypelagic waters [n = 60, r2 = 0.31
and p-value < 0.001; Log10 Bathy-EP = -2.61 (± 0.51) Log10 EP %POC Flux1000 +
8.45 (± 0.90)] (Figure 2.11. F).
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Table 2. 5. Mean and range (in brackets) of the transfer efficiencies (TE) of exopolymer particles (EP) from epipelagic to mesopelagic waters (EP TEepi-meso; %)
and from mesopelagic to bathypelagic waters (EP TEmeso-bathy; %), as well as the estimated EP fluxes (EP F) and their percentages relative to the total POC
fluxes [EP %POC Flux = (EP Flux/POC Flux) x 100] at 200 m (EP F 200 and EP % POC Flux200) and 1000 m (EP F1000 and EP % POC Flux1000) depths,
obtained with the algorithm of Martin et al. (1987) and using the lowest and the overall conversion factor from XG equivalent to carbon (CF), 0.51 and 0.75
μg C per μg XG eq reported by Engel and Passow (2001).

EP F200 (mg C m-2 d-1)
CF 0.51
CF 0.75
Global
South Pacific
North Pacific
North Atlantic
South Atlantic
Indian

17.0(2.3-56.5)
15.6 (5.0-33.6)
20.6 (7.8-56.5)
22.5 (6.4-49.8)
15.9 (9.1-31.7)
10.1 (2.3-35.5)

25.0 (3.4-83.0)
22.9 (7.4-49.3)
30.3 (11.4-83.0)
33.1 (9.3-73.2)
23.4 (13.3-46.6)
14.9 (3.4-52.2)

EP TEepimeso (%)

35 (3-86)
33 (11-55)
50 (12-86)
26 (3-41)
32 (18-56)
33 (5-85)

EP % POC Flux200
CF 0.51 CF 0.75
22 (13-41)
22 (15-31)
19 (13-26)
19 (13-28)
21 (16-25)
26 (15-41)

32 (19-60)
32 (23-46)
29 (19-39)
27 (19-42)
31 (23-37)
39 (22-60)

EP F1000 (mg C m-2 d-1)
CF 0.51
CF 0.75
3.3 (0.4-10.4)
2.8 (0.9-5.9)
4.1 (1.6-10.4)
4.1 (1.2-9.4)
3.3 (2.0-8.1)
2.2 (0.4-6.6)

4.9 (0.6-15.3)
4.2 (1.4-8.6)
6.0 (2.3-15.3)
6.0 (1.7-13.8)
4.8 (2.9-11.9)
3.3 (0.6-9.7)

EP TEmesobathy (%)

97 (25-245)
113 (63-168)
86 (32-173)
115 (70-214)
92 (29-174)
95 (25-245)

EP % POC Flux1000
CF 0.51
CF 0.75
39 (24-78)
41 (29-58)
35 (24-48)
35 (25-53)
37 (26-44)
47 (28-78)

58 (35-114)
61 (43-85)
52 (35-70)
52 (36-78)
55 (38-64)
69 (41-114)
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Figure 2. 10. Distribution along the circumnavigation Malaspina 2010 of the exopolymer
particles (EP) fluxes at 200 m (EP F200) (A), EP transfer efficiency to mesopelagic waters (EP
TEepi-meso) (B) and EP contribution to total POC (EP % POC Flux 200) (C). Log-log relationships
between depth-integrated EP in the mesopelagic waters (Meso-EP) and the estimated EP fluxes at
200 m (D), EP transfer efficiency from epipelagic to mesopelagic waters (E) and EP contribution
to the total POC fluxes at 200 m (EP % POC Flux200) (F). EPF1000 fluxes and depth-integrated
EP concentrations are converted to carbon units using the overall conversion factor of 0.75 μg C
per μg XG eq.
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Figure 2. 11. Distribution along the circumnavigation Malaspina 2010 of the exopolymer
particles (EP) fluxes at 1000 m (EP F1000) (A), EP transfer efficiency to bathypelagic waters (EP
TEmeso-bathy) (B) and EP contribution to total POC (EP % POC Flux 1000) (C). Log-log
relationships between depth-integrated EP in the bathypelagic waters (Bathy-EP) and the
estimated EP fluxes at 1000 m (D),EP transfer efficiency from mesopelagic to bathypelagic waters
(E) and EP contribution to the total POC fluxes at 1000 m (EP % POC Flux200) (F). EPF1000
fluxes and depth-integrated EP concentrations are converted to carbon units using the overall
conversion factor of 0.75 μg C per μg XG eq.
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2.5. Discussion
We provide here a first inventory of exopolymer particles (EP) from
surface to deep waters in all the oceanic basins and have assessed their
contribution to carbon export and sequestration into the deep ocean. We report a
recurrent vertical pattern, irrespectively of the oceanic basins, with higher EP
concentrations in the epipelagic waters above the depth of the chlorophyll a
maximum and the EP geographical distribution was mainly related to primary
production. In the mesopelagic and bathypelagic waters, EP concentrations were
lower and mirrored, to some extent, the concentrations in the epipelagic waters
suggesting the importance of exopolymer particles in export (on average, 32 %)
and sequestration (on average, 58 %) fluxes of particulate carbon.
2.5.1. Global distribution of exopolymer particles
Compared to coastal waters, data on EP concentration in the open ocean
are scarce, with values in the literature for the North Atlantic Ocean (Engel, 2004;
Harlay et al., 2009; Leblanc et al., 2009), the Mediterranean Sea (Ortega-Retuerta
et al., 2010; Bar-zeev et al., 2011) or the North Pacific Ocean (Kodama et al., 2014).
Even more limited are the studies on EP concentration in deep waters (Kumar et
al., 1998; Ramaiah et al., 2000; Prieto et al, 2006; Bar-Zeev et al., 2009, 2011;
Kodama et al., 2014), and there are basically no data (Passow and Alldredge,
1995; Prieto et al., 2007) below the sequestration depth (i.e. 1000 m after Passow
and Carlson, 2012).
The values previously reported for the epipelagic waters in the open ocean
(Table 2.6.) are comparable to the values obtained in this study, only Bar zeev et
al. (2011) in the Eastern Mediterranean Sea and Wurl et al. (2011) in the North
Pacific Ocean observed values higher than the EP range obtained in this study.
The maximum EP concentrations are generally found in the first meters of the
water column well above the deep chlorophyll maximum (DCM). OrtegaRetuerta et al. (2009) and Wurl et al. (2011) also reported higher EP
concentrations in the mixed layer or above the fluorescence maxima. Bar-Zeev et
al. (2011), during the thermal stratification period in the Eastern Mediterranean
Sea, observed that EP concentrations at the DCM were about 40% lower than in
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the near-surface waters. Similarly, Kodama et al. (2014) in the oligotrophic region
of the western North Pacific Ocean also reported that the EP subsurface
maximum occurred immediately above the chlorophyll maximum. This net
accumulation of low density EP in the first meters of the water column appears
to be related to phytoplankton activity, although chl a concentration do not
appear to be a relevant predictor of the global EP distribution. It is known that
the highest rates of primary production are usually found above the DCM layer
(e. g. Marañón et al., 2000; Pérez et al., 2006; Moreno-Ostos et al., 2011). Indeed,
in our study EP concentration was better predicted by primary production than
chlorophyll a concentration, both in volumetric terms and with depth-integrated
data. The net accumulation of low density EP in the first meters of the water
column seems related to the environmental conditions that affect phytoplankton
activity. Phytoplankton stressed by high solar radiation and low inorganic
nutrient availability would excrete EP and their dissolved precursors (Hong et
al., 1997; Berman-Frank and Dubinsky, 1999; Corzo et al., 2000; Mari et al., 2005).
In relation to the regional EP distribution, we observe that the maximum
EP concentrations in surface waters appeared in regions with shallow DCM
depths, usually located in upwelling areas. Prieto et al. (2006) already detected
that maximum EP concentrations were closely coupled to regions with favorable
growing conditions for phytoplankton such as upwellings, fronts and regions of
mixing, where nutrients increased in the photic zone (zones with shallower
nutricline and DCM). Therefore, the DCM depth can also be considered a
valuable proxy for EP distribution.
Exploring in detail the different phytoplankton groups, we observed that
the most robust (higher significant variance values) and recurrent (in all the
oceanic basins) relationships were obtained between EP concentration and the
Prochlorococcus sp. and Synechococcus sp. abundances (Table 2.2.). Although it is
known that cyanobacteria release extracellular dissolved organic carbon
(Bertilsson et al., 2005; López-Sandoval et al., 2013; Becker et al., 2014) and these
compounds might aggregate to form EP (Arrigo, 2007), most observations in
specific areas such as the Adriatic Sea (Radic et al., 2005), the Strait of Gibraltar
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(Macías et al., 2009) or the Celtic Sea (Van Oostende et al., 2012) had suggested
that these algal species were not relevant in EP production. However, indirect
evidences of aggregation and downward export of cyanobacteria-rich aggregates
have also been detected (Lomas and Moran, 2011). Paradoxically, we found a
good relationship between primary production and EP concentration in the
epipelagic zone, but it was not associated to the major phytoplankton species in
upwelling regions (i.e. diatoms), but with cyanobacteria sp. This apparent
controversy might be related to most sampling stations are located in the open
ocean and the planktonic community structure in this vast region is dominated
by pico-autotrophs. Unlike the algal blooms, the picophytoplankton-dominated
populations do not release large amounts of exopolymers, precursors of EP, but
their contribution compared to the whole primary production would increase in
the open ocean (Teira et al., 2001). In fact, in relation to the depth-integrated
primary production corresponding to different algal groups classified by size, we
observed that the depth-integrated EP concentrations in the epipelagic zone were
differently related to depth-integrated primary production corresponding to
micro-, nano- and picophytoplankton. The best positive relationship was for
picophytoplankton (r2 = 0.13 and p-value < 0.001), while nanophytoplankton was
very weakly related (r2 = 0.05 and p-value < 0.05) and microphytoplankton was
unrelated (p-value > 0.05). This suggests that the epipelagic EP pool in the open
ocean mostly depends on picophytoplankton activity.
The role of heterotrophic prokaryotes on EP abundance in the epipelagic
zone appears to be very weak at this global scale (Table 2.3.). Despite some
previous studies have evidenced that heterotrophic prokaryotic assemblages in
surface waters can either directly generate EP or indirectly interact with the
release of algal exudates and another detrital material, promoting accumulation
and persistence of EP in surface waters (Radic et al., 2003; Rochelle-Newall et al.,
2010; Ortega-Retuerta et al., 2010; Bar-Zeev et al., 2011; Van Oostende et al.,
2013), we do not obtain strong relationships with prokaryotic heterotrophic
production and they are very weak with abundance. Although EP production by
phytoplankton can be also mediated by viral infection (Vardi et al., 2012), the
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observed relationships between virus abundance and EP concentration are very
weak in this study.
In spite of the lack of studies on EP concentration below the epipelagic
zone (Table 2.6.), the few values published in the Gulf of Cadiz and the Strait of
Gibraltar (Prieto et al., 2006), in the western North Pacific (Kodama et al., 2014)
and in the Santa Barbara Channel (Passow and Alldredge, 1995) are in
accordance with the EP ranges obtained in this study for meso- and bathypelagic
waters. Exceptionally, higher EP concentrations in relation to those in the surface
waters have been reported by Kumar et al. (1998) and Ramaiah et al. (2000) in the
Arabian Sea, by Prieto et al. (2007) in a deep-sea hydrothermal system or by BarZeev et al. (2009, 2011) in the Gulf of Aqaba and in the eastern Mediterranean
Sea. In relation to the main biotic factors determining EP concentration in the
deep waters, we observe that mesopelagic heterotrophic prokaryotic production
was a significant predictor, although the low and contrasting values of the slopes
(from -0.29 to 0.35) and the low explained variances (only up to 27%) suggest that
other factors such as, for instance, the exports from epipelagic waters should
contribute to the EP concentration in the deep ocean.
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Table 2. 6. Compilation of the exopolymer particles concentrations (mean and ranges; given in µg XG eq l-1) reported from the literature.
Geographic area

Conditions

Sampling date

Depth (m)

Open Northeast Atlantic

Bloom and post-bloom

1996

Northeast Atlantic

Bloom

English channel

Time series

Autumn and spring

Northeast Atlantic (Bay of Biscay)

Bloom

Spring 2006

Northeast Atlantic (Bay of Biscay)

Blooms

Spring 2006 - 2008

0 - 100

Gulf of Cadiz

Different bloom phases

Gulf of Mexico ( Guaymas Basin)

Hydrothermal System

Summer 1997
Spring 2001
Spring 2002

0 - 100
0 - 200
0 ~ 2010

118 (< 28 – 609)
25 – 205
7.8 – 6451

García et al., 2002
Prieto et al., 2006
Prieto and Cowen, 2007

Arabian Sea

Monsoon

Summer 1996

Arabian Sea (Dona Paula Bay)
Bay of Bengal

Monsoon period
Monsoon

From 1998 to 2000
Summer 1996

0 - 1000
0 -1000
Surface
0 - 1000

< 50 – 1020
< 100 – 600
1300 – 149100
70 – 130

Ramaiah et al., 2000*
Kumar et al., 1998*
Bhaskar and Bhosle, 2006
Kumar et al., 1998*

Mean (ranges)

Reference

Atlantic Ocean
Summer 2005

Open ocean
surface (10 – 50)
0 - 100
Surface
Coastal surface
open ocean surface

28.5 (max. 124)
b.d. – 450
< 100 open ocean
281 (37 – 1735)
452 (26 – 3604)
< 100 – 3000
40 - 120
22 - 1101

Engel, 2004
Leblanc et al., 2009
Klein et al., 2011
Harlay et al., 2009
Van Oostende et al., 2012

Indian Ocean

Pacific Ocean
Santa Barbara channel
Monterey Bay
Santa Barbara channel

Different blooms phases
Sea-surface microlayer

Isahaya Bay (Japan)

Bloom and non-bloom

Subartic Pacific (Otsuchi Bay, Japan)
Great Barrier Reef (Australia)
ALOHA off Hawaii
North Pacific and Offshore Hawaii
East Sound (USA)

Spring bloom, time series
Open ocean
Bloom
Different trophic stages
oligotrophic waters

Sagami Bay (Japan)
Western North Pacific

1993 - 1994
Summer 1993
Autumn
Spring and autumn 2007 –
2008
Winter - Spring 1998
Winter 1999 -2000
Winter 1999
Summer 2009
Spring 1994
2004 – 2005
Spring 2013

0 – 500

14 – 252

Passow and Alldredge, 1995

0 – 50
Surface

43 – 310
138 - 5600

Surface

10 - 3490

Fukao et al., 2011

Surface (0 – 15)
5
Surface
Surface (≤ 20 m)
0 - 120
5-300

1344 (24 - 2321)
23 - 791
253 (max. 477)
< 50 - 780
50 - 160
50 - 250
18-69

Ramaiah et al., 2001
Wild, 2000
Prieto pers. com.
Wurl et al., 2011**
Kiørboe et al., 1996
Sugimoto et al., 2007
Kodama et al., 2014

Wurl et al., 2009
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Other marine areas
Non bloom
From different trophic
stages to muscus event

Spring 2007

0 - 200

21.4 (4.5 – 94.3)

Ortega-Retuerta et al., 2010

2003 - 2004

0.5 - 4

101-748

Scoullos et al., 2006

Eastern Mediterranean sea

oligotrophic waters

2008 - 2009

Northern Adriatic

mucus event

116 - 420
48 - 189
83 - 386
570 (4 – 14800)

Arctic Ocean

Sea ice covered

Surface

80-1400

Wurl et al., 2011**

Gulf of Aqaba (Red Sea)
Bransfield Strait (Antarctica)
Gerlache Strait
Drake Passage
Anvers Island (Antarctica)
Southern Ocean

5, DCM and 300
0 - 100
0 - 100
0 - 100
Surface
0 - 200

23 - 228
56.7 (b.d. – 345.9)
38 (b.d. - 283)
35 (b.d. – 157)
15 - > 500
15.4 (b.d. – 48.9)

Bar-Zeev et al., 2009

Passow et al., 1995
Ortega-Retuerta et al., 2009

Winter 1994

0 - 150

308 (b.d. – 2800)

Hong et al., 1997

Central Baltic Sea
Western Baltic Sea
Mecklenburg bight (Western Baltic Sea)
Norwegian Fjords

Time series
Non bloom
Non bloom
Non bloom
Different bloom stages
Non bloom
Phaecystis bloom, times
series
Non Bloom
Bloom
Bloom

Summer 2002
Autumn and Spring 20092010
Spring 2008
Summer
Summer
Summer
Summer
Winter 2005

Surface
DCM
Deep (300 – 1000)
2 - 20

Summer 1999
Spring
Autumn 1994
Spring 1992

0 - 20
Surface
Bottom (16 – 26)
0 - 63

200 (145 – 322)
1300 (max. 5300)
267 - 471
100 - 255

Engel et al., 2002
Engel et al., 2000
Jähmlich et al., 1998
Riebesell et al., 1995

Norwegian fjords

Different trophic stages

Spring 1992

0 - 63

190 (100 - 255)

Passow and Alldredge, 1995

< 1 – 173

Dec 2010 – Jul 2011

Epipelagic
0 -200
Mesopelagic
200 – 1000
Bathypelagic
1000 – 4000

Mediterranean Sea
Eastern Mediterranean sea

Ross Sea

Global subtropical Atlantic, Indian and
Pacific Oceans

Non bloom

b.d. – 65

Bar-Zeev et al., 2011
Radíc et al., 2005

Corzo et al., 2005

This study

b.d. – 41

References in bold show EP concentrations in the open ocean and references in italics refer to EP values in the deep ocean (≥ 200 m). *References: Ramaiah et
al. (2000) and Kumar et al. (1998), EP concentrations were given as mg of alginic acid equivalents per liter. For transformation into xanthan gum units , the
Engel and Passow (2001) conversion factor of 1 mg alginic acid equivalents l -1 = 10 µg XG eq l-1 was used. **Reference: Wurl et al. (2011), the EP
concentrations were given in µmol C L-1. For transformation into xanthan gum units, the Engel (2004) conversion factor of 0.63 was applied. b.d. = values
below detection.
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2.5.2. Export and sequestration fluxes of exopolymer particles
The robust correlations found among the depth-integrated EP
concentrations in the epipelagic, mesopelagic and bathypelagic waters (Figure
2.6.) confirmed that the EP distribution in the deep ocean was, to a relevant
extent, mostly dependent on the sinking of exopolymer particles from
epipelagic waters. In fact, the estimated (using in situ primary production and
temperature) fluxes of exopolymer particles at 200 m (EP F200) and 1000 m (EP
F1000) predicted the depth-integrated EP concentrations in their corresponding
mesopelagic and bathypelagic zones (Figures 2.10. and 2.11.). Martin et al.
(2011), during a sub-polar North Atlantic spring phytoplankton bloom,
determined that between 25% and 43% of the EP-containing particulate carbon
at 100 m depth was exported below 750 m. Similarly, Bar-Zeev et al. (2009)
observed an export of EP from surface waters to deeper waters (down to 300 m)
during a diatom bloom in the Gulf of Aqaba. However, other authors did not
observe a relevant link between a high concentration of diatom-rich aggregates
in an upwelling bloom in surface waters and the vertical aggregates flux
(Kiørboe et al., 1998).
Although the sinking EP fraction could be variable, our predicted EP
fluxes at 200 m and 1000 m depths (Table 2.5.) were in accordance with the
measured EP fluxes at different intermediate depths reported by Passow
(2002a) (from 7 to 70 mg C m-2 d-1), Ramaiah et al. (2005) (from 29 to 62 mg C m2

d-1), Waite et al. (2005) (up to 25 mg C m-2 d-1), Reigstad and Wassmann (2007)

(up to 390 mg C m-2 d-1) or Martin et al. (2011) (from undetectable to 120 mg C
m-2 d-1). The highest EP fluxes both at 200 m and 1000 m were observed in the
equatorial waters of the Pacific and Atlantic Oceans coincident with the
equatorial upwelling (Figures 2.10. and 2.11.).
If we assume constant rates over the year and we use the most
conservative CF to carbon (0.51 μg C per μg XG eq), the annual global rates of
EP F200 and EP F1000 in our study would average 6.2 g C m-2 yr-1 at 200 m and 1.2
g C m-2 yr-1 at 1000 m depth. Considering an ocean surface at 3.6 x 1014 m2, the
contribution of EP to C export below sequestration depth (>1000 m) would be
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estimated to be 0.4 Pg C yr-1. This global EP flux below the sequestration depth
would be of the same magnitude that the estimated range of POC sequestration
from 0.2 to 0.7 Pg C yr-1 (Sarmiento and Gruber, 2002; Dunne et al., 2007; Honjo
et al., 2008; Henson et al., 2012; Guidi et al., 2015). Therefore, these calculations
and the high EP percentages relative to POC fluxes at sequestration depths
(between 24 and 78% of POC fluxes) emphasize the role of EP in the biological
carbon pump.
Since EP concentrations in the deep ocean were systematically lower
than in the epipelagic waters and only 35 % of the epipelagic EP are sunk to the
mesopelagic waters (EP TEepi-meso), likely a significant fraction of the organic
material has to be rapidly either remineralized or dispersed during its transit
from epipelagic waters to the mesopelagic waters (Buesseler et al., 2007). The
aggregate settling rate depends on its size and density (Burd and Jackson, 2009).
Polymeric self-assembly (the physico-chemical process that brings polymers
together to form gel particles, i.e. microgels) or coagulation (the physical
process that bring particles together) occur under conditions of high particle
concentration, such as in phytoplankton blooms (Chin et al., 1998; Burd and
Jackson, 2009; Verdugo, 2012). Therefore, these density-dependent processes
may be insignificant in the deep ocean, where polymer and particle
concentrations are low and exopolymer dispersion and particle disaggregation
might be the prevailing processes. In fact, the very limited data on the
abundance of self-assembled microgels (Verdugo et al., 2008) indicated a clear
decline with depth from 1.8 x 109 microgels l-1 at 50 m to 3.4 x 108 microgels l-1 at
1100 m in the BATS station or from 3.5 x 108 microgels l-1at 100 m to 1.4 x 108
microgels l-1at 4,000 m in the ALOHA station.
However, the estimated transfer efficiency between mesopelagic and
bathypelagic zones (EP TEmeso-bathy), in some areas, had values higher than 100%
(Figure 2.11.). This fact suggests a de novo EP synthesis or lateral exports inside
the mesopelagic zone. Prokaryotes in the deep ocean appear to be better
adapted to a particle-attached lifestyle (Herndl and Reinthaler, 2013), releasing
EP precursors under favorable conditions to form suspended “protobiofilms”
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(referred to EP with extensive microbial outgrowth and colonization; Bar-Zeev
et al., 2012). Indeed, several studies (Lauro and Barlett, 2007; Lauro et al., 2009)
have shown that deep water prokaryotes possess larger genomes than their
surface water counterparts, that they use in a more versatile and opportunistic
life mode.
The global carbon content of EP was estimated using the average carbon
content in the epipelagic, mesopelagic and bathypelagic zones. We then,
knowing the total area of the global ocean (Eakins and Sharman, 2010),
calculated the global EP in term of carbon in each layer and integrated them to
yield a first rough estimate of the EP carbon content in the global ocean of 4.8
Pg C, using the most conservative CF.
The global carbon estimates resulted in 0.6 Pg C for the epipelagic zone
and 4.2 Pg C for the deep ocean (using the lowest conversion factor of 0.51).
Comparatively, this estimated global EP carbon would represent between one
quarter and two fifths (considering the lowest 0.51 and highest 0.88 conversion
factors reported in the literature; Engel and Passow, 2001) of the total POC of
the epipelagic zone, ~ 2.3 Pg C (Stramska, 2009). Our global EP calculations also
account for approximately between one quarter and two fifths of the global
POC estimations (~ 20 Pg C) reported by Cauwet (1978).
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3.1. Abstract
Exopolymer particles (EP) production by prokaryotes has been scantly
studied particularly in open and deep waters, and the influence of viral lysis on
this process is basically unknown. We performed six experiments in open
waters of the Atlantic, Indian and Pacific oceans to quantify EP production by
prokaryotes under contrasted viral loads. Three experiments were performed
with epipelagic waters (< 200 m depth), containing fresh and recently produced
dissolved and particulate organic carbon (DOC and POC), and other three
experiments with bathypelagic waters (> 1000 m), containing aged DOC and
exported POC. Each experiment consisted of a control treatment, with
prokaryotes growing without predators and normal viral load, and a treatment
with prokaryotes growing with a viral load manipulation (virus-free). EP
production in epipelagic experiments ranged from 2.5 ± 0.2 to 11.4 ± 3.2 µg XG
eq. L-1 day-1, while in bathypelagic experiments between 0.3 ± 0.1 and 4.2 ± 0.3
µg XG eq. L-1 day-1, usually with higher EP production in epipelagic
experiments. These results suggest, therefore, that the different available
organic substrates in these contrasting marine zones led generally to produce
more EP in the epipelagic waters than in the bathypelagic waters. In the
experiments performed with epipelagic waters, the cell-specific EP production
was below 15 fg XG eq. cell-1 day-1 in all the control treatments, whereas in the
treatments with viral load manipulation, production reached up to 130 fg XG
eq. cell-1 day-1, indicating that the different viral stress or manipulation of the
treatments (control vs. virus-free) affected the prokaryotic EP production. In the
experiments performed with bathypelagic waters, however, the cell-specific EP
production was between 2.4 and 48.7 fg XG eq. cell-1 day-1 and without relevant
differences between treatments. The estimated in situ EP production in
epipelagic waters ranged from 0.01 to 6.59 µg XG eq. L-1 day-1 corresponding to
an average residence time of 71 days. However, the estimated EP production in
bathypelagic waters resulted substantially lower, ranging from 0.01 to 0.17 µg
XG eq. L-1 day-1, and led to longer EP residence times that ranged from 260 days
in the North Atlantic Ocean to 504 days in the North Pacific Ocean.
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3.2. Introduction
The pool of exopolymer particles in aquatic ecosystems is composed of a
continuum of sizes from colloids of a few nanometers to aggregates of several
hundred micrometers with diverse composition that includes proteins,
polysaccharides or nucleic acids (Long and Azam, 1996; Passow, 2002; Verdugo
et al., 2004). A well-known type of these polymers is the acidic-polysaccharides
that can be stained with alcian blue, termed generically as transparent
exopolymer particles or just exopolymer particles (EP) (Alldredge et al., 1993).
Since EP are sticky and gel-like particles, the EP pool plays an important role in
the aggregation process during marine snow formation (Burd and Jackson,
2009) and, consequently, in the vertical export of particulate organic carbon
(POC) towards the deep ocean, contributing to the oceanic biological pump
(Logan et al., 1995; Passow, 2002; Mazuecos et al., Chapter 2).
Despite the major producers of exopolymers in the photic zone are the
phytoplanktonic cells when submitted to nutrient or light stress (Berman-Frank
and Dubinsky, 1999; Passow, 2002; Berman-Frank et al., 2007), the role of
heterotrophic prokaryotes appears to also be relevant in some areas such as, for
instance, the Mediterranean Sea (Bar-Zeev et al., 2011; Ortega-Retuerta et al.,
2010). Heterotrophic prokaryotes can also directly release polymeric substances
(Decho, 1990; Bhaskar and Bhosle, 2005; Radic et al., 2006, Ding et al., 2008;
Koch et al., 2014), particularly under stress by ultraviolet B radiation (OrtegaRetuerta et al., 2009). They also promote the aggregation of preexisting
polymers by modifying the stickiness of the algal exudates (Grossart et al., 2006;
Gärdes et al., 2010; Rochelle-Newall et al., 2010; Van Oostende et al., 2013) or by
inducing the formation of microscopic EP condensation nuclei (so-called
“protobiofilms” previous to biofilm formation) induced by quorum sensing
signals (Bar-Zeev et al., 2012; Tan et al., 2014).
The microbial epipelagic realm contrasts considerably with the deep
ocean (Ducklow et al., 2001; Buesseler et al., 2007; Arístegui et al., 2009; Herndl
and Reinthaler, 2013). In the epipelagic zone (0-200 m depth), phytoplankton
produce fresh, high quality exudates that promote bacterial growth (Cole et al.,
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1982; Moran et al., 2002; Ortega-Retuerta et al., 2008; Fouilland et al., 2014),
whereas in the mesopelagic zone (200-1000 m) the prokaryotic assemblages use
the dissolved or particulate organic carbon (DOC or POC) exported from the
upper layers (Baltar et al., 2009; Robinson et al., 2010). Operatively, the
borderline between epipelagic and mesopelagic zones is considered the “carbon
export depth” located between 100 and 200 m depth (Passow and Carlson, 2012;
Turner, 2015). The organic carbon flux is dramatically attenuated, mostly due to
bacterial mineralization (Arístegui et al., 2009), in its downward transit across
the mesopelagic zone down to about 1000 m (the so-called “carbon sequestration
depth”) (Turner, 2015). Below this layer, carbon is assumed to remain
sequestered for time scales longer than centuries, contributing significantly to
the biological pump (Passow and Carlson, 2012; Turner, 2015). Although EP
generation by heterotrophic prokaryotes has been scantily studied in epipelagic
and coastal waters, there is no knowledge about prokaryotic EP production in
deep waters. In addition, the fact that the POC pool in the deep ocean is
younger and with higher nutritive value than the corresponding DOC pool
appears to have promoted a life strategy in prokaryotes mostly associated to
particles (Herndl and Reinthaler, 2013). Prokaryotes from the deep ocean
overexpress, in comparison with their surface counterparts, genes for the
synthesis of pili that allow them to adhere to particles, and genes for
polysaccharide degradation (DeLong et al., 2006; Martin-Cuadrado et al., 2007).
These microorganisms tend to harbor comparatively larger genomes and be
opportunistic maintaining very diverse enzymatic machinery (Lauro et al.,
2009).
In this complex context of interactions among POC, DOC and
prokaryotes, the role of viruses might be critical by releasing labile organic
components from the planktonic cells during lysis (Wilhelm and Suttle, 1999;
Suttle, 2007) both in surface and deep waters. However, how viral lysis can
affect EP production has not been studied in these two contrasting scenarios. In
the case of phytoplanktonic cells, recent studies have connected lytic viral
infection with programmed cell death and a concomitant enhancement of
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exopolymer production in cultures of the coccolithophorid Emiliania huxleyi
(Bidle et al., 2007; Vardi et al., 2012) and of the Chlorophyta Micromonas pusilla
(Lønborg et al., 2013). However, to the best of our knowledge, the influence of
bacteriophage lysis on EP production is unknown. Lysis products may also act
as glue enhancing aggregation processes and might serve as condensation
nuclei for the exopolymer aggregates (Shibata et al., 1997) or, by contrast,
inhibit EP formation as in their presence the organic matter pool would be more
efficiently remineralizated by the prokaryotes (Bonilla-Findji et al., 2008).
We performed several experiments to elucidate the influence of viruses
on the production of exopolymer particles by heterotrophic prokaryotes in two
contrasting oceanic zones. The experiments were set up using waters from
above the carbon export depth or epipelagic zone (with fresh DOC and POC) and
waters from below the carbon sequestration depth or bathypelagic zone (with
aged DOC and exported POC) in open areas of the Atlantic, Indian and Pacific
Oceans.
3.3. Material and methods
3.3.1. Study area
The experiments were conducted on board the R/V Hespérides vessel
during the circumnavigation “Malaspina 2010”. Water samples were collected
from different stations above export depths (< 200 m) and below sequestration
depths (> 1000 m) in the open waters of the Atlantic, Indian and Pacific Oceans
(Table 1). We used a rosette sampler with 24 Niskin bottles (12 l) coupled to a
conductivity and temperature–pressure (CTD) probe (Seabird 911Plus).
3.3.2. Experimental set-up
Natural prokaryotic populations, with variable viral loadings were
monitored to assess the influence of viral lysis on extracellular release of
dissolved carbohydrates and production of exopolymeric particles (EP). All in
vitro incubations were carried out on board in Nalgene HDPE bottles (2L) by
triplicate, at in situ temperature in a temperature-controlled chamber and in the
dark. All material used was previously acid-washed and rinsed with ultrapure
water.
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Three experiments were performed with waters from above the export
depths (ExpW) and other three using waters from below the sequestration depths
(SeqW) (Table 3.1.). Water samples were sequentially filtered as shown in Figure
3.1. First, water samples were filtered by 1 µm (through 0.1N HCl pre-washed
Preflow capsule filters, Pall Corporation) to remove large particles and grazers
that were used as inoculum of natural microbial populations. Then, the filtrate
was filtered again by 0.2 µm (through sterile Whatman Polycap cartridge filters)
to exclude the microbial populations. Finally, in all the treatments submitted to
a manipulation of the initial viral load (virus-free seawater), seawater was
ultrafiltered using a 0.1N NaOH-prewashed tangential flow system (30 KDa
Sartorius Vivaflow 200 filtration system) except for the epipelagic experiment of
the Atlantic Ocean (At-ExpW; Table 3.1.) in which viruses were microwaveinactivated as in the protocol proposed by Bonilla-Findji et al. (2008). These
fractions of filtered waters were mixed, and homogenized, to carry out the two
treatments by triplicate. Control treatments consisted of 75% of 0.2 µm filtrated
seawater and 25% of the prokaryotic inoculum, and the treatments with a viral
load manipulation consisted of 75% of ultrafiltrated or microwave-inactivated
seawater and 25% of inoculum, which represented a reduction (in average ca.
35 %) of the in situ viral abundance at the onset of the treatments (Table 3.1.)
allowing the prokaryotes to grow exponentially. The incubation time was 10
days for the Indian and Atlantic experiments (both in ExpW and SeqW
experiments), 7 days for the Pac-ExpW experiment and 12 days for the PacSeqW experiment.
During the course of the experiments, three replicates in every sampling
time were collected for characterization of the microbial community by
measuring virus abundance (VA), prokaryotic heterotrophic abundance (PHA)
and production (PHP), as well as changes in the concentrations of exopolymer
particles (EP) and their dissolved precursors, i.e. neutral total carbohydrates
(DTCHO) and acidic polysaccharides (dAPS).
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Figure 3. 1. Scheme of the experimental set-up and the different sequential filtrations.

3.3.3. Biological and chemical analyses
3.3.3.1. Concentration of exopolymer particles (EP)
EP concentrations were measured by using the alcian blue colorimetric
method proposed by Passow and Alldredge (1995). Samples (25 - 1500 ml) were
gently filtered through 0.4 µm polycarbonate filters. EP retained on the filters
were fully covered with 0.5 ml of a 0.02 % solution of alcian Blue (Sigma) in 0.06
% acetic acid (pH 2.5) and frozen at -80ºC on board until analysis in the
laboratory. Three or four blanks (with ultrapure water) were also stained and
frozen in parallel in each batch of samples. The alcian blue was extracted from
the unfrozen filters adding 5 ml of sulfuric acid 80% and absorbance was
measured at 787 nm in 1-cm path disposable polystyrene cuvettes using
ultrapure water as blank. A calibration curve with a standard solution of
xanthan gum (25 mg l-1) was used to relate absorbance values with EP
concentrations. The EP concentration is expressed as micrograms of xanthan
gum equivalents per liter (µg XG eq l-1) and the coefficient of variation for the
replicates averaged ca. 20%.
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3.3.3.2. Concentration of dissolved neutral carbohydrates and acidic
polysaccharides
Samples

for

dissolved

acidic

polysaccharides

(dAPS),

neutral

monosaccharides (DMCHO) and polysaccharides (DPCHO) were pre-filtered
through 0.4 µm polycarbonate membrane filters (Sartorius) and stored in 15 ml
sterile polyethylene flasks at -20 °C until analysis.
The concentration of dAPS was determined following the alcian blue
method according to Thornton et al. (2007). Briefly, the filtered extracts were
dialyzed, to removed salts, in 8 ml dialysis tubes with a molecular weight cutoff
of 500-1000 Da (with cellulose ester membrane, Spectrum Laboratories) for
approximately 24 h in a bath of ultrapure water (milli-Q). A few drops of a
sodium azide solution (0.02% final concentration) were added to suppress
prokaryotic growth. Samples were analyzed immediately after dialysis,
transferring 5 ml of sample into a glass tube with 1 ml of alcian blue solution
(similar concentration as used in the analysis of EP). After mixing, the total 6 ml
were again filtered through a 0.4 µm pore-size SFCA syringe filter (Sartorius)
and the absorbance of the filtrate, collected directly into a 1-cm-path semimicropolystyrene cuvette, was measured at 610 nm on a spectrophotometer
(Perkin Elmer). We used standard solutions of xathan gum (with 0, 5, 10, 15 and
20 mg l-1) to relate absorbance values with dPAS concentrations and to be able
to compare with the EP concentrations. The units are also given in xathan gum
(XG) equivalents l-1.
The concentration of DMCHO and DPCHO (previously hydrolyzed by
oxidation of the free reduced sugars with 1N HCl and 150 ºC during 1 h) were
determined by the spectrophotometric method using the alkaline ferricyanide
reaction with 2, 4, 6-tripyridyl-s-triazine (Myklestad et al., 1997). A standard
curve made with D-glucose at concentrations at 0.25, 0.5, 1.0 and 2.0 mg l-1 was
used to calibrate the carbohydrate concentrations. Triplicate reagent blanks in
ultrapure (Milli-Q) water were substracted daily. The total concentration of
carbohydrates (DTCHO in µg l-1) is the sum of DMCHO and DPCHO.
3.3.3.3. Viral abundance (VA)
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VA was determined by flow cytometry using a FACScalibur flow
cytometer (BectonDickinson) fitted with a laser emitting at 488 nm (Brussaard,
2004). Samples (2 ml) were fixed with 0.5% glutaraldehyde, deep-frozen in
liquid nitrogen and stored at –80ºC until analyses. Then, SYBR Green I
(Molecular Probes; 10 X diluted with sterilized ultrapure water) was used to
stain the genetic material of the virus particles, and samples were run at flow
rates between 60 and 75 µl min-1 after being diluted with TE buffer (1x Trisethylenediaminetetraacetic acid) such that the event rate was between 100 and
800 particles s-1. VA was gated and counted (viruses ml-1) in the SSC vs. FL1
plot using the Cell-Quest software (BectonDickinson).
3.3.3.4. Prokaryotic heterotrophic abundance (PHA) and production (PHP)
PHA was also measured by using flow cytometry (Gasol and del
Giorgio, 2000). Aliquots of 1.5 ml were fixed with 1% of paraformaldehyde +
0.05 % glutaraldehyde, deep-frozen in liquid nitrogen and stored at -80ºC until
analysis. Triplicate samples were stained with Syto13 (5 µM) and run through a
FACSCanto cytometer (BectonDickinson) equipped with an argon laser
emitting at 488 nm. Abundance (cell ml-1) was calculated from a bivariate plot
of light scatter and green fluorescence using the CellQuest software
(BectonDickinson). Molecular Probes latex beads (0.92 µm) were always used as
internal standards. Flow rate was calculated from the difference of volume
running a sample with known volume for 10 min.
The PHP rates were estimated by 3H-Leucine (specific activity = 144.2 Ci
mmol-1) incorporation into proteins (Kirchman et al., 1985) using the
microcentrifugation protocol proposed by Smith and Azam (1992). Briefly, three
replicates (1.2 ml) and two trichloroacetic acid (TCA)-killed blanks in
microcentrifuge tubes were added L-[4, 5-3H] leucine at 20 nM. Samples and
blanks were incubated (for 4 to 15 h) at in situ temperature. Incubations were
stopped by adding 50% TCA, centrifuged (10 min. and 14000 rpm) and rinsed
with 5% TCA and again centrifuged. Scintillation cocktail (1 ml Optisafe HiSafe)
was added, and after 24 h, the emitted radioactivity was counted in a liquid
scintillation counter on board. Leucine incorporation rates (pmol Leu l-1 h-1)
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were converted into carbon (µg C l-1 d-1) by using a theoretical factor of 1.55 kg
C mol Leu-1 (Simon and Azam, 1989), which assumes that isotope dilution was
negligible under this saturating concentration of 20 nM of 3H‐Leucine.
3.3.3.5. Data analysis
PHP rates were integrated (PHPint) during the experiments as the area
obtained from initial time to final time and expressed as µg C L-1 day-1. Daily
increase rates for PHA, AV, dAPS, DTCHO and EP were calculated using the
expression:
Δx = (Xtf – Xt0) / t
where Xtf and Xt0 are the variable at the final and initial times, respectively, and
t (tf – t0) is the time elapsed in days.
We explored the relationship between the daily increase rate of EP (∆EP)
and the other variables which were log-transformed to fit the assumptions of
normality and homocedasticity. The slopes of the regressions between ∆EP and
PHPint gave experimental estimates of intrinsic EP production rates (i.e. the
quantity of EP produced per day normalized by PHP). We used these
experimental EP production rates to calculate in situ EP production rates by the
heterotrophic prokaryotes using the PHP data measured in the natural
environment. EP residence times (in days) were estimated by dividing in situ EP
concentration by the in situ EP production rate.
ANOVA analyses were performed to test for the differences in EP
production by prokaryotic populations in different treatments (control vs
manipulation of the viral load) over time in the six experiments. This analysis
also allowed testing if there was interaction between the factors “time” and
“treatment” on the dependent variable (production of EP). Subsequently,
significant differences between times were determined by using the Tukey HSD
test. All statistical analyses were performed using Statistica 6.0 (StatSoft Inc.,
1997).
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3.4. Results
3.4.1. Changes of the microbial community during the experiments
At the onset of the experiments, prokaryotic heterotrophic abundance
(PHA T0) and virus abundance (VA T0) were higher in the control than in the
treatments submitted to a viral load manipulation (Table 3.1.). Initial conditions
of DTCHO and dAPS (EP precursors) were above 10 times and from three to
five times, respectively, higher in the experiments performed with epipelagic
waters (< 200 m) than in bathypelagic waters (200 – 1000 m)(Table 3.1.).
In the epipelagic experiments (ExpW) (Figure 3.2.), the virus abundance
(VA) was very homogeneous over time regardless of the treatments (control vs.
viral load manipulation) or locations with the exception of the experiment
performed in the Pacific Ocean. PHA increased consistently in all the in vitro
cultures, up to 3-fold in the control treatments and in the treatments with viral
load manipulation increased at final incubation time from 3 (Ind-ExpW) to 10
fold (At-ExpW). The increment of PHA (ΔPHA) ranged between 0.90 and 8.02 x
107 cell L-1 day-1, being ΔPHA higher in the control treatments than in the
treatments with manipulation of the viral load with the exception of the
experiment performed in the Atlantic Ocean (Table 3.2.). The prokaryotic
heterotrophic production (PHP) increased over time fitting to logistic growth in
both treatments and reaching the plateau after three days of incubation. The
integrated heterotrophic production (PHPint) ranged from 4.23 – 33.77 µg C L-1
day-1 (Table 3.2.).

105

Table 3. 1. Location of the sampling stations, environmental conditions of the water collected to perform the
experiments and conditions at the onset of experiments (T0). The experiments had two treatments: “Control” with
viral abundances similar to the in situ values and another treatment including a “viral load manipulation”. The
acronym “ExpW” corresponds to experiments performed with waters from above the carbon export depths in the
epipelagic waters (< 200 m) and the acronym “SeqW” corresponds to experiments performed with waters from below
sequestration depths or in bathypelagic waters (> 1000 m). Standard errors in brackets.
Sampling information
Ocean
Latitude
Longitude
Date (day/month/year)
Sampling depth (m)
Parameters in situ1
Temperature (ºC)
Salinity (psu)
[O2] (µmol kg-1)
Chl a (µg l-1)
EP (µg XG eq L-1)
PHA (x 105 cell ml–1)
PHP (ng C l-1 h-1)
VA (x 106 particles ml-1)
Experiments1
Experiment code

PHA T0
(x 105 cell ml–1)
PHP T0
(ng C l-1 h-1)
VA T0
(x 106 vir ml-1)

DTCHO T0 (µg C l-1)
dAPS T0 (µg XG eq L-1)
Control
Viral load manipulation
Control
Viral load manipulation
Control
Viral load manipulation

Atlantic [At-]

Indian [Ind-]

Pacific [Pac-]

14.3ºN
26.0ºW
26/12/2010
65

26.5ºS
21.4ºW
24/01/2011
3200

29.9ºS
76.1ºE
01/03/2011
140

33.6ºS
39.9ºE
18/02/2011
4000

5.8ºS
170.7ºW
28/04/2011
80

25.5ºS
179.5ºE
19/04/2011
2150

20.1
36.26
133
0.66
29.6
7.94
6.08
4.12

2.3
34.91
231
1.5
0.18
0.26
0.08

16.5
35.60
217
0.27
5.5
6.71
5.92
9.22

1.2
34.74
199
2.6
0.52
0.08
0.22

27.8
35.52
186
0.31
16.6
3.55
91.38
17.50

2.2
34.65
139
18.0
0.39
1.08
0.04

At-ExpW

At-SeqW

Ind-ExpW

Ind-SeqW

Pac-ExpW

Pac-SeqW

71.3 (6.2)
1126 (24.0)
6.21 (0.03)
0.50 (0.02)
10.50 (0.87)
3.22 (0.25)
3.49 (0.78)
1.10 (0.45)

8.3 (4.2)
515 (13.0)
0.16 (0.02)
0.09 (0.01)
1.60 (0.35)
0.62 (0.1)
0.06 (0.01)
0.02 (0)

83.9 (12.4)
913 (45.0)
3.99 (0.12)
0.45 (0.03)
0.91 (0.33)
33.87 (4.89)
7.72 (0.33)
0.21 (0.01)

10.9 (1.1)
312 (25.0)
0.41 (0.01)
0.07 (0.02)
0.51 (0.43)
3.09 (0.56)
0.20 (0.04)
0.01 (0)

110.4 (25.3)
2133 (123.0)
2.98 (0.03)
0.47 (0.06)
442.07 (28.09)
177.98 (15.68)
12.17 (0.23)
1.06 (0.12)

9.2 (3.5)
412 (30.0)
0.31 (0)
0.08 (0.03)
1.27 (0.45)
2.22 (0.33)
0.03 (0.01)
< 0.01

1Data

from Mazuecos et al. (Chapter 1). [O2] = O2 concentration; Chl a = chlorophyll a concentration; EP = exopolymer particles; PHA
= heterotrophic prokaryotic abundance; PHP = prokaryotic heterotrophic production; VA = viral abundance; DTCHO = dissolved
total polysaccharides; dAPS = dissolved acidic polysaccharides.

Mazuecos I. P. PhD dissertation | 106

EP production by heterotrophic prokaryotes

Figure 3. 2. Time changes of the virus abundance (VA), prokaryotic heterotrophic abundance
(PHA) and production (PHP) in control treatments (open symbols) and in the treatments with
a manipulation of the viral load (filled symbols) for the three experiments conducted with waters
located above the export depths (ExpW experiments) in the Atlantic (At-ExpW, triangles), in
the Indian (Ind-ExpW, circles) and in the Pacific (Pac-ExpW, squares) Oceans. Error bars
represent the standard deviation (SD) of three replicates. When errors bars do not appear is
because the SD is smaller than the symbol.
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Table 3. 2. Mean values (± standard deviations) of the daily increments in viral abundance (ΔVA), prokaryotic heterotrophic
abundance (ΔPHA), integrated prokaryotic heterotrophic production (PHPint), dissolved acidic polysaccharides (ΔdAPS),
dissolved neutral carbohydrates (ΔDTCHO), exopolymer particles (ΔEP), and mean VA:PHA ratios in the experiments.

Treatments
Control

At-ExpW

Viral load manipulation
Control

Ind-ExpW

Viral load manipulation

Pac-ExpW

Viral load manipulation

Control
Control

At-SeqW

Viral load manipulation

Ind-SeqW

Viral load manipulation

Pac-SeqW

Viral load manipulation

Control
Control

ΔVA

ΔPHA

(x 107 virus L-1
day-1)

(x 107 cells L-1
day-1)

(µg C L-1
day-1)

(µg XG eq. L-1
day-1)

(µg C L−1
day−1 )

(µg XG eq.
L-1 day-1)

4.38 (± 0.33)
23.63 (± 0.14)
-25.97 (± 1.19)
0.23 (± 0.09)
-41.43 (± 1.56)
50.26 (± 3.53)
-0.02 (± 0.03)
1.25 (± 0.09)
1.92 (± 0.19)
2.83 (± 0.29)
0.005 (± 0.003)
0.55 (± 0.05)

1.29 (± 0.09)
4.86 (± 0.93)
2.30 (± 0.17)
0.90 (± 0.12)
8.02 (± 0.42)
3.13 (± 0.08)
3.58 (± 0.10)
1.14 (± 0.02)
0.11 (± 0.03)
5.54 (± 0.15)
1.03 (± 0.37)
1.94 (± 0.13)

24.25
33.77
4.23
7.09
31.39
27.82
2.17
0.87
0.67
8.06
1.05
1.51

65 (± 17)
97 (± 25)
181 (± 41)
68 (± 17)
169 (± 24)
72 (± 10)
11 (± 5)
-18 (± 6)
3 (± 2)
35 (± 13)
15 (± 7)
-6 (± 3)

12.7 (± 0.8)
7.9 (± 1.2)
10.7 (± 2.4)
1.9 (± 1.0)
21.6 (± 3.6)
5.6 (± 0.5)
0.5 (± 0.3)
1.3 (± 0.4)
0.2 (± 0.2)
-0.4 (± 0.5)
-1.0 (± 0.4)
0.5 (± 0.5)

2.8 (± 0.5)
3.4 (± 0.7)
2.5 (± 0.2)
2.9 (± 0.6)
11.4 (± 3.2)
6.5 (± 1.2)
1.0 (± 0.4)
1.0 (± 0.2)
0.5 (± 0.8)
4.2 (± 0.3)
1.0 (± 0.3)
0.3 (± 0.1)

PHPint

ΔdAPS

ΔDTCHO

ΔEP
VA:PHA
(virus prok.-1)

4.7 (± 0.9)

15.2 (± 6.6)
12.1 (± 4.3)
5.7 (± 2.6)
25.4 (± 10.3)
25.9 (± 10.6)
2.2 (± 1.6)
3.4 (± 3.3)
6.0 (± 1.5)
0.8 (± 0.6)
0.8 (± 0.3)
0.4 (± 0.3)
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In the bathypelagic experiments (SeqW) (Figure 3.3.), VA remained
almost stable in the control treatments of the Atlantic and Pacific Ocean and
increased from 5 to 20 fold in the treatments with viral load reduction. Then,
the ∆VA values were higher in these last treatments ranging from 0.55 to 2.83 x
107 virus L-1 day-1 than in the control treatments that ranged from -0.02 to 1.92 x
107 virus L-1 day-1 (Table 3.2.). PHA in control treatments remained very stable
until the last time of incubation, whereas in the treatments with viral load
reduction, PHA increased up to 75 fold in the Indian Ocean (Figure 3.3.). The
∆PHA varied between 0.11 and 5.54 x 107 cells L-1 day-1 and PHPint ranged
from 0.67 to 8.06 µg C L-1 day-1 (Table 3.2.). These values were higher in the
treatments with a viral load reduction except in the experiment of the Atlantic
Ocean (At-SeqW) (Table 3.2.).
The virus to prokaryote (VA:PHA) ratios, indicative of the potential viral
infection or lysis on prokaryotes, were in general higher in the ExpW
experiments than in the SeqW experiments (Table 3.2.).
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Figure 3. 3. Time changes of the virus abundance (VA), prokaryotic heterotrophic abundance
(PHA) and production (PHP) in control treatments (open symbols) and in the treatments with
a manipulation of the viral load (filled symbols) for the three experiments conducted with waters
located below the sequestration depths (SeqW experiments) in the Atlantic (At-SeqW,
triangles), in the Indian (Ind-SeqW, circles) and in the Pacific (Pac-SeqW, squares) Oceans.
The error bars represent the standard deviation (SD) of the three replicates. When errors bars do
not appear is because the SD is smaller than the symbol.
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3.4.2. EP production by heterotrophic prokaryotes
In the epipelagic experiments, the increment of dissolved acidic
polysaccharides (∆dAPS) ranged from 65 to 181 µg XG eq. L-1, with higher
values in the control treatments with exception of the experiment
performed in the Atlantic Ocean (Table 3.2.). Total carbohydrates
(∆DTCHO = ∆DMCHO + ∆DPCHO) increased from 1.9 to 21.6 µg C L-1
day-1, being higher the increases in the control treatments in comparison
with the treatments with viral load manipulation (Table 3.2.). EP
concentrations also increased over time in all these experiments being
particularly accentuated in the Pacific Ocean (Figure 3.4.). The daily EP
production (∆EP) ranged from 2.5 and 11.4 µg XG eq. L-1day-1 (Table 3.2.).

Figure 3. 4. Changes of EP concentrations throughout incubation time in the experiments
conducted with waters from above the export depths (ExpW). The asterisks indicate
statistically significant differences in comparison with the initial time using Tukey HSD
tests.
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The daily cell-specific EP production throughout the incubation
times was consistently higher in the treatments with a viral load
manipulation than in the controls, and these EP production rates
decreased with incubation time, especially accentuated in the treatments
with viral load reduction (Figure 3.5.). The daily cell-specific EP
production in the control treatments were lower than ~15 fg XG eq. cell -1
day-1, whereas in the treatments with viral load manipulation (reduction)
reached up to 130 fg XG eq. cell-1 day-1 in the Atlantic Ocean.

Figure 3. 5. Changes of the cell-specific EP production throughout incubation time in the
experiments conducted with waters from above the export depths (ExpW). The asterisks
indicate statistically significant differences in comparison with the control using Tukey HSD
tests.

In the bathypelagic experiments (SeqW), the ∆dAPS values varied
from a decrease of 18 µg XG eq. L-1 to an increase of 35 µg XG eq. L-1 and
the ∆DTCHO values were very stable with only minor changes during the
incubation time (Table 3.2.). In contrast, in these experiments EP
concentrations increased over incubation time, particularly in the
treatment with manipulation of the viral load in the Indian Ocean (Figure
3.6.). The EP production ranged between 0.3 and 4.2 µg XG eq. L-1 day-1
(Table 3.2.).
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Figure 3. 6. Changes of EP concentrations throughout incubation time in the experiments
conducted with waters from below the sequestration depths (SeqW). The asterisks indicate
statistically significant differences in comparison with the initial time using Tukey HSD tests.

The cell-specific EP production in the control treatments ranged
from 4.3 fg XG eq. cell-1 day-1 to 48.7 fg XG eq. cell-1day-1 and from 2.4 to
42.9 in the treatments with manipulated load of viruses (Figure 3.7.). It is
remarkable that the values in the control treatments of these experiments
were usually higher than those values in the ExpW experiments.
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Figure 3. 7. Changes of the cell-specific EP production throughout incubation time in the
experiments conducted with waters from below the sequestration depths (SeqW). The asterisks
indicate statistically significant differences in comparison with the control treatments using the
Tukey HSD test.

To explore the contribution of the heterotrophic prokaryotes to the
dissolved precursors (dAPS and dTCHO) and EP production we
performed regression analysis. In all cases, we found significant and
positive relationships between the daily production of dissolved
precursors (ΔdAPS and ΔdTCHO) or the exopolymer particles (ΔEP) and
the integrated heterotrophic prokaryotic production (PHPint) (Figure 3.8).
The higher the PHPint, the higher the daily precursor or EP production
was. It is remarkable that the slopes of these three regression lines were
statistically similar being 0.89 ± 0.19 for ΔdTCHO, 0.72 ± 0.19 for ΔdAPS,
and 0.61 ± 0.11 for ΔEP.

Mazuecos I. P. PhD dissertation | 114

EP production by heterotrophic prokaryotes

Figure 3. 8. Log-log relationships between integrated PHP (PHPint) and (A) production
of neutral polysaccharides (∆DTCHO) [n= 10; r2 = 0.73 and p-value = 0.0017; Log10
∆DTCHO = 0.89 (± 0.19) Log10 PHPint – 0.26 (± 0.19)], (B) production of dissolved
acidic polysaccharides (∆dAPS) [n= 10; r2 = 0.64 and p-value = 0.0053; Log10 ∆dAPS =
0.72 (± 0.19) Log10 PHPint + 1.01 (± 0.20)] and (C) production of exopolymer particles
(∆EP) [n= 12; r2 = 0.76 and p-value = 0.0002; Log10 ∆EP = 0.61 (± 0.11) Log10 PHPint –
0.14 (± 0.10)].
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We observed significant and positive relationships between ∆EP
and their dissolved precursors the ∆dAPS [Log10 ∆EP = 0.61 (± 0.13) Log10
∆dAPS – 0.58 (± 0.23); n = 10, r2 = 0.72 and p-value < 0.01] and the
∆DTCHO [Log10 ∆EP = 0.61 (± 0.12) Log10 ∆DTCHO - 0.03 (± 0.10); n = 10,
r2 = 0.75 and p-value < 0.01] and their corresponding slopes were similar.
These regressions for ΔPHA were also significant but with lower
explained variance (r2): ΔPHA- ΔDTCHO regression (n = 10 and p-value <
0.05) with r2= 0.40 and slope = 0.86 (± 0.37); ΔPHA-∆dAPS regression (n =
10 and p-value < 0.05) with r2= 0.46 and slope = 0.71 (± 0.27); ΔPHA-∆EP
regression (n = 12 and p-value < 0.05) with r2= 0.39 and slope = 0.57 (±
0.22).
To test if the differences in the EP concentrations in the experiments
were significant over time and between treatments we performed repeated
measure ANOVA analyses (Table 3.3.). Although time had a positive
effect in all experiments, the effect of viral load manipulation was more
dependent on the nature of the manipulation throughout the time
(increase or decrease of the viral load).
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Table 3. 3. Results of repeated measures ANOVA in the experiments to
determine if the differences in EP concentrations over time and between
treatments (control vs. viral load manipulation) were significant. n.s. =
not significant effect and * = significant effect (p-value < 0.05).
Experiment

At-ExpW

Ind-ExpW

Pac-ExpW

At-SeqW

Ind-SeqW

Pac-SeqW

Effect
Time*
Viral load manipulation *
Interaction
Time*
Viral load manipulation *
Interaction
Time*
Viral load manipulation *
Interaction*
Time*
Viral load manipulation
Interaction
Time*
Viral load manipulation *
Interaction*
Time*
Viral load manipulation *
Interaction*

F
46.22
13.57
1.71
85.72
8.59
0.51
116.18
13.12
8.65
23.71
1.89
0.83
59.32
114.32
36.65
50.44
17.02
11.90

p-value
< 0.001
< 0.01
n.s.
< 0.001
< 0.05
n.s.
< 0.001
< 0.01
< 0.05
< 0.001
n.s.
n.s.
< 0.001
< 0.001
< 0.001
< 0.001
< 0.01
< 0.01

positive
positive
positive
positive
positive
negative
positive
n.s.
n.s.
positive
positive
positive
negative

The viral load manipulation had a significant effect on EP
concentration in all the experiments, with exception of the At-SeqW (Table
3.3.). In most experiments, this effect was positive, but for the Pacific
Ocean experiments (ExpW and SeqW) the effect of the manipulation of the
viral load was negative (Table 3.3.).
We also performed ANOVA analyses to test if the differences in the
cell-specific EP production (fg XG eq cell-1 day-1) in the experiments were
significant over time and between treatments (Table 3.4.). We observed
that in all the epipelagic experiments (ExpW), the manipulation
(reduction) of the virus abundance had a significant and positive effect on
the cell-specific EP production. However, we did not detect any significant
effect, or this effect was negative, in the experiments performed with
bathypelagic waters (SeqW). In both types of experiments (ExpW and
SeqW), the cell-specific EP production was significant and negatively
affected by incubation time.
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Table 3. 4. Results of ANOVAs in the experiments to determine if the differences
in the cell-specific EP concentrations over time and between treatments (control
vs. viral load manipulation) were significant. n.s. = not significant effect and * =
significant effect (p-value < 0.05).
Experiment
At-ExpW

Ind-ExpW
Pac-ExpW
At-SeqW

Ind-SeqW
Pac-SeqW

Factor
Time*
Viral load manipulation *
Interaction*
Time*
Viral load manipulation *
Interaction*
Viral load manipulation *
Time*
Viral load manipulation
Interaction
Time*
Viral load manipulation
Interaction
Viral load manipulation *

F
205.84
410.03
183.14
84.13
389.79
65.44
49.95
46.59
0.06
1.72
10.14
2.28
0.97
14.99

p-value
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
n.s.
n.s.
< 0.05
n.s.
n.s.
< 0.05

Effect
negative
positive
negative
positive
positive
negative
n.s.
n.s.
negative
n.s.
n.s.
negative

We explored the role of viral lysis on the production of dissolved
precursors (dAPS and DTCHO) and EP (ΔEP) using the VA:PHA ratio as
surrogate of potential viral infection. We observed positive and significant
relationships between the VA:PHA ratio and the production of DTCHO
[n= 12; r2 = 0.50 and p-value = 0.01; ∆DTCHO = 0.53 (± 0.17)
virus:prokaryote ratio + 0.58 (± 2.08)], dAPS [n= 12; r2 = 0.50 and p-value =
0.; ∆dAPS = 5.04 (± 1.61) virus:prokaryote ratio + 14.83 (± 19.56)], and EP
[n= 12; r2 = 0.68 and p-value = 0.001; ∆EP = 0.29 (± 0.06) virus:prokaryote
ratio + 0.70 (± 0.75)].
3.4.3. In situ EP production and residence time
Finally, to estimate the in situ EP production rates we used the in
situ values of prokaryotic heterotrophic production (data as in Mazuecos
et al. chapter 1) and the regression equation between PHPint and daily EP
production in the experiments (Figure 3.8. C). The in situ EP residence
time (days) was obtained as the division of in situ EP concentration (Table
3.1. and Mazuecos et al., Chapter 2) and the in situ EP production.
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In the epipelagic experiments (ExpW) the EP residence time ranged
from 14 to 132 days in the Pacific and Atlantic Ocean, respectively. The EP
residence times in the bathypelagic experiments (SeqW) ranged from 46 to
231 days (Table 3.5.). The estimations of the in situ production and
residence time for all the ocean basins are also summary in Table 3.5.
Residence times were substantially longer in the bathypelagic waters (>
1000 m) than in the epipelagic waters (< 200 m) increasing from the North
Atlantic (260 days), through the Indian (354 days) to the North Pacific
Ocean (504 days).
Table 3. 5. Estimations of in situ EP production rates and
residence times at the depths of the different experiments
and in the different ocean basins. Mean values and ranges
(in brackets) are shown.

Experiments

In situ EP
production
(µg XG eq. L-1 day-1)

EP residence
time (days)

At-ExpW
Ind-ExpW
Pac-ExpW
At-SeqW
Ind-SeqW
Pac-SeqW

0.22
0.22
1.17
0.03
0.02
0.08

132
25
14
46
163
231

0.58 (0.06 – 2.34)
0.03 (< 0.01 – 0.16)
0.48 (0.08 – 1.98)
0.05 (< 0.01 – 0.13)
0.28 (0.01 – 1.39)
0.03 (0.01 – 0.11)
0.73 (0.09 – 6.59)
0.06 (0.01 – 0.17)
0.58 (0.04 – 5.54)
0.03 (< 0.01 – 0.12)
0.49 (0.01 – 6.59)
0.04 (< 0.01 – 0.17)

39 (1 – 346)
260 (14 – 1415)
56 (7 – 473)
177 (21 – 1576)
121 (1 – 1996)
354 (2 – 1901)
53 (3 – 250)
192 (31 -645)
63 (2 – 625)
504 (26 – 3616)
71 (1 -1996)
333 (2 – 3616)

oceanic regions
North
Atlantic
South
Atlantic
Indian
South
Pacific
North
Pacific
Global

< 200
>1000
< 200
>1000
< 200
>1000
< 200
>1000
< 200
>1000
< 200
>1000
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3.5. Discussion
Our experiments showed that prokaryotes contribute to the EP pool
both in the epipelagic waters (< 200 m; ExpW) using the fresh
phytoplankton-derived DOC and in the bathypelagic waters (> 1000 m;
SeqW) using the aged DOC. In fact, the initial concentration of dissolved
acidic polysaccharides and carbohydrates, taken as dissolved EP
precursors (Thornton et al., 2007; Skoog et al., 2008), in the experiments
was substantially higher in the ExpW experiments than in SeqW
experiments (Table 3.1.). The viral influence (or the different manipulation
in treatments) on EP production, however, was significant only in the
epipelagic waters but not in the bathypelagic waters.
3.5.1. Methodological considerations
Our results were obtained using two treatments with water samples
previously filtered (1 µm, 0.2 µm pore-size and ultrafiltered through 30
KDa) or microwaved and incubated in bottles for 7-12 days. The filtration
approach has been used in previous studies for the experimental
determination of EP production by heterotrophic prokaryotes in surface
and coastal waters (Stoderegger and Herndl, 1999; Sugimoto et al., 2007;
Ortega-Retuerta et al., 2010). Although it is obvious the role of prokaryotes
on EP production, the different procedures in the treatments may have
introduced uncertainties in relation to the reproduction of the natural
marine environments, and thus, our results must be interpreted with
caution. A microwave treatment (in the At-ExpW experiment) was used to
inactivate the viruses, but this procedure did not physically disintegrate
(and likely did not inactivate) all the viruses (Winter et al., 2004), as
indicated in the Figure 3.3. In addition, the possibility that microwaving
modified the DOC composition of the treatment with a viral load
manipulation cannot be ruled out, since the PHA reduction in these
treatments suggests that microwaves likely caused prokaryotic lysis and
the intracellular content was released into the environment. On the other
hand, the ultrafiltration through 30 KDa in the rest of experiments used to
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reduce the viral abundance (Bonilla-Findji et al., 2008) may also undergo
physical (conformational or structural) alteration of the dissolved organic
matter (Zsolnay, 2003). Then, the procedures to perform the viral load
reduction may introduce artifacts that hamper the interpretation of the
results. The alteration of the initial organic matter, after above pretreatments, would cause that dissolved organic matter become more
available for microbial uptake which would explain that PHP T0 values
were similar in both treatments or higher in the treatments of the viral
load manipulation than the control treatments (Table 3.1.). Except in the
At-ExpW experiment (data not available), an analysis of the optical
properties of initial dissolved organic matter showed similar spectra in
both treatments (control vs. viral load manipulation), but with different
fluorescence and absorbance intensities (data not shown). This fact suggest
that a portion of the molecules with similar optical properties were
retained on the filters, changed its conformation (and optical properties) or
both processes.
3.5.2. EP production in the epipelagic and bathypelagic waters
In the experiments performed with epipelagic waters (ExpW), EP
production rates in absolute terms (2.5 - 11.4 µg XG eq. L-1 day-1) were
consistently higher than the rates obtained in the experiments with
bathypelagic waters (SeqW). The ExpW rates were similar to the rates
obtained by Ortega-Retuerta et al. (2010) in the open Mediterranean Sea
(4.8 - 19.0 µg XG eq. L-1 day-1) and slightly lower than the rates obtained by
other authors, in coastal waters, that reached up to 267 µg XG eq. L-1 day-1
(Stoderegger and Herndl, 1999; Prieto et al., 2002; Sugimoto et al., 2007).
Koch et al. (2014) demonstrated experimentally that EP were produced
during the degradation of bioavailable organic matter (i.e. glucose).
Therefore, the different initial pool of dissolved organic matter in the
epipelagic waters, with more bioavailable organic carbon (Table 3.1.), can
contribute to explain to some extent the higher rates in this layer. The
temperature of these layers and in the ExpW and SeqW experiments (ca. in
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situ temperature) was also very different (Table 3.1.) and the strong
influence of temperature on microbial metabolism, both in respiration and
in growth is well recognized (White et al., 1991, López-Urrutia and Morán,
2007; Vázquez-Domínguez et al., 2007; Mazuecos et al., 2015 in Chapter 4).
Recently, several works highlighted that EP production is a temperaturedependent process (Piontek et al., 2009; Fukao et al., 2012). The higher the
temperature, the higher EP production was. Piontek et al. (2009) pointed
out that the stimulating effect of temperature on bacterial growth was the
ultimate factor producing the increase in EP production.
In fact, in this study prokaryotic heterotrophic production,
integrated over the incubation time, was the best predictor of EP
production considering all the data (Figure 3.8. C). Previous studies have
also reported a tight relationship between these two processes (Sugimoto
et al., 2007; Ortega-Retuerta et al., 2010). The similarity of the slope (0.61 ±
0.11) obtained in this study and the slopes obtained by Ortega-Retuerta et
al. (2010) for experimental data (0.43 ± 0.14) indicates the robustness of this
relationship. Therefore, an increase of temperature and organic matter
bioavailability would promote the microbial growth and simultaneously
would affect EP production.
Unlike EP production in absolute terms, the cell-specific EP
production (i.e. EP production normalized by cell abundance) was usually
higher in the controls of experiments performed with bathypelagic waters
(SeqW) (4.3 - 48.7 fg XG eq. cell-1 day-1) than in the controls with epipelagic
waters (ExpW) (4.5 – 15.2 fg XG eq. cell-1 day-1) (white bars in Figures 3.5.
and 3.7.). The cell-specific EP production in the ExpW experiments was
similar to the rates obtained in surface waters in previous studies
(Stoderegger and Herndl, 1999; Ortega-Retuerta et al., 2010), but we have
not found data for the deep ocean. The higher cell-specific EP production
rate in the bathypelagic waters suggests that in this depth the prokaryotes
produced more EP per cell despite the extremely less favorable conditions
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with low bioavailable DOC and lower temperatures than the conditions of
their counterparts from the epipelagic waters.
This major synthesis of EP per cell may be a life strategy for the
dark ocean prokaryotes to resist adverse conditions (Poli et al., 2010).
Several lines of evidence have pointed out a preference of the deep ocean
prokaryotes for living associated to particles (Baltar et al., 2009; Herndl
and Reinthaler, 2013). These prokaryotes have large genomes to harbor a
diverse enzymatic potential, genes for the synthesis of pili and
polysaccharides degradation (DeLong et al., 2006; Martin-Cuadrado et al.,
2007) and seem to have a preferential opportunistic life (Lauro et al., 2009).
In fact, the average EP residence time in the bathypelagic waters estimated
in this study was of ca. one year (Table 3.5.), being part of the semi-labile
organic carbon fraction (with a residence time of months to years; Carlson,
2002), considerably shorter than the DOC residence time of 370 years
(Hansell et al., 2009), that is mostly of refractory nature (with a residence
time of centuries to millennia; Hansell, 2013). This result corroborates
previous studies that have shown, using radiocarbon, that the particulate
organic matter in the deep ocean is considerably younger than the
dissolved pool (Druffel and Williams, 1990; Druffel and Robinson, 1999).
Therefore, it is expected that POC is a better substrate to prokaryotic life
than the dissolved organic substances.
3.5.3. The complex role of viruses in EP production
Previous works have empirically evidenced that viral lysis induced
EP production, preceded by programmed cell death in phytoplanktonic
species (Bidle et al., 2007; Vardi et al., 2012), but these connections in
prokaryotes have not been documented yet. It is know that viral lysis
releases submicron particles (Shibata et al., 1997; Uitz et al., 2010) that
might self-assemble over time into larger particles (Chin et al., 1998;
Verdugo et al., 2004) promoting aggregation and coagulation (Uitz et al.,
2010). These submicron particles as well as the capsular material released
by bacteria (Stoderegger and Herndl, 1999) may be considered as
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condensation nuclei for EP formation. However, Lønborg et al. (2013)
concluded that, despite a higher EP concentration were experimentally
produced under an intense viral stress, viral lysis has multiple and
opposite implications in the oceanic organic matter cycle.
In the epipelagic experiments, the treatments with a viral load
manipulation involved its effective reduction over the incubation time
(Figure 3.2.) and showed constantly higher cell-specific EP production
than control treatments (Figure 3.5.). As we mentioned above, a tight
relationship between PHP and EP production has been documented in
previous studies (Sugimoto et al., 2007; Ortega-Retuerta et al., 2010) and in
our work (Figure 3.8. C). Several authors have also demonstrated a
significant effect of viral infection on prokaryotic metabolism (Middelboe
and Lyck, 2002; Bonilla-Findji et al., 2008), with a relevant increase of
prokaryote growth under less viral stress (less viral load). Viral lysis also
involves the release of inorganic and organic nutrients (Wilhelm and
Suttle, 1999; Middelboe and Lyck, 2002) that potentially could induce
growth of other prokaryotes (Shelford et al., 2014). Any promotion of
PHP, therefore, would induce a stimulus of EP production (increasing cellspecific EP production). Certainly, prokaryotes under more favorable
conditions, with more available DOC (after ultrafiltration or microwave
procedure) and less viral load, can directly increase PHP. The prokaryotic
outgrowth, consequently, induces a rapid formation of microscopic EP
condensation nuclei (within minutes) that are aggregated in larger EP and,
in turn, extensively colonized by heterotrophic prokaryotes (Bar-Zeev et
al., 2012). Indeed, increases in EP concentration have been observed
previous to the increase of bacterial abundance in experiments analyzing
processing of the organic matter (Koch et al., 2014) suggesting that EP
release was a process prior to bacterial replication itself. Stoderegger and
Herndl (1999) in microbial regrowth cultures also observed a rapid
increment of EP in the exponential growth phase (in aprox. 48 h).
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However, the influence of viral load in the experiments performed
with bathypelagic waters (SeqW), considering the cell-specific EP
production, was not significant in Atlantic and Indian experiments and
even negative in the Pacific experiment (Figure 3.7. and Table 3.4.). This
contrasting effect of viral manipulation on cell-specific EP production in
the SeqW experiments suggest that the main role of viruses might be
indirect through alleviation of stress or promotion of prokaryote growth
although all these interactions are very imbricated and likely are different
in the epipelagic waters and in the bathypelagic waters (Weitz and
Wilhelm, 2012).
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4.1. Abstract
We have measured both prokaryotic heterotrophic production (PHP) and
respiration (R), then providing direct estimates of prokaryotic growth
efficiencies (PGE), in the upper mesopelagic zone (300–600 m) of the South
Atlantic and Indian Oceans. Our results showed that in situ R ranged 3-fold,
from 87 to 238 μmol C m-3 d-1. In situ PHP rates were much lower but also more
variable than R (ranging from 0.3 to 9.1 μmol C m-3 d-1). The derived in situ PGE
values were on average ~ 1.4% (from 0.3% to 3.7%), indicating that most of the
organic substrates incorporated by prokaryotes were respired instead of being
used for growth. Together with the few previous studies on PGE published
before for the Atlantic Ocean and Mediterranean Sea, our findings support the
hypothesis that the global mesopelagic zone represents a key remineralization
site for export production in the open ocean. We also found a strong correlation
between R and PGE with temperature across a gradient ranging from 8.7 to 14.9
ºC. The derived Q10 value of 3.7 suggests that temperature variability in the
mesopelagic zone plays a significant role in the remineralization of organic
matter.
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4.2. Introduction
Prokaryotes thriving in the mesopelagic zone (200–1000 m depth) are
known to play a key role in the mineralization of organic matter transported to
the deep ocean (Arístegui et al., 2009; Anderson and Tang, 2010; Giering et al.,
2014). Nevertheless, there is still a great lack of information on the regional
variability in the percentage of organic matter that is either mineralized as CO 2
(respiration, R) or used by prokaryotes for growth (prokaryotic heterotrophic
production; PHP) in the global mesopelagic zone. This metabolic balance is
frequently

expressed

as

“prokaryotic

growth

efficiency”

(PGE

=

PHP/(PHP+R)), a term that provides a proxy of the efficiency in the recycling
of organic matter by prokaryotes. Direct estimations of R in the dark ocean, by
monitoring oxygen changes inside bottles incubated at in situ temperatures, are
cumbersome, due to the low microbial rates and the much lower sensitivity of
the R methodology, compared with the tracer technique used for PHP. Thus,
few studies have provided simultaneous direct estimates of both dark ocean R
and PHP, being most of them carried out in waters from the North Atlantic
Ocean (Biddanda and Benner, 1997; Arístegui et al., 2005b; Reinthaler et al.,
2006; Baltar et al., 2010).
Despite the lack of data of actual R across the world oceans, it has been
estimated that mesopelagic microorganisms mineralize up to 90% of the organic
matter exported from the photic zone (Robinson et al., 2010), yielding high R at
these depths (del Giorgio and Duarte, 2002). This hypothesis is supported by
indirect estimates (mostly derived from enzymatic respiratory activities) of
global mesopelagic R, ranging between 0.6 and 1.4 Pmol C y-1 (Arístegui et al.,
2003 and 2005a), that would contribute 9 – 12% of the global ocean respiration
(del Giorgio and Williams, 2005). Arístegui et al. (2009) compiled a large data
set on metabolic activities from the dark ocean and found that the decrease in
PHP with depth was higher than the decrease in R inferred from ETS activity,
leading to a decreasing trend in PGE as the -0.3 power of depth. Assuming a
mean PGE in the epipelagic zone of 15% (del Giorgio and Cole, 2000), the
predicted PGE in the deep ocean would thus be ~4%. Similarly low PGE (on
137

average ~2 %) derived from direct R estimates were obtained in the meso- and
bathypelagic waters of the central North Atlantic (Reinthaler et al., 2006),
although higher PGE values have also been reported from the North Atlantic
dark ocean (e.g. Arístegui et al., 2005b; Baltar et al., 2010). Nevertheless, in spite
of the importance of measuring simultaneously R and PHP for addressing the
balance between source and sinks of carbon in the water column, there are still
very few PGE estimates using direct R measurements to corroborate the above
prediction across the world oceans.
The metabolism of all organisms is affected by many environmental
factors, being temperature a key parameter (Brown et al., 2004). In this sense,
marine heterotrophic prokaryotes are not an exception (i. e. Pomeroy and
Wiebe, 2001; Vázquez-Domínguez et al., 2007; Sarmento et al., 2010) and
temperature changes have been reported to have direct implications for the
microbial degradation of organic matter in the surface ocean by modifying PGE
(Rivkin and Legendre, 2001; López-Urrutia and Morán, 2007; VázquezDomínguez et al., 2007; Wohlers et al., 2009; Kritzberg et al., 2010a and b). As it
occurs in the surface ocean, temperature variability in the upper mesopelagic
zone would affect the activity of marine microorganisms. Depending on the
way in which PGE is modified by temperature in the mesopelagic zone the
microbial food web could shift the flow of organic carbon by circulating more C
through higher trophic levels or by remineralizing the C as CO2. Understanding
the effects of temperature on PGE and R in the mesopelagic zone would thus
help to predict future changes on carbon biogeochemistry in a warmer dark
ocean, a region poorly investigated until now (Nagata et al., 2001; Arístegui et
al., 2009).
In this study, we provide direct estimates of both R and PHP, and
derived PGE values, from the upper mesopelagic zone of two largely
unexplored ocean basins: the South Atlantic and the Indian Oceans. We
hypothesized that, as reported from the North-Atlantic Ocean (Arístegui et al.,
2005b; Reinthaler et al., 2006; Baltar et al., 2010; Giering et al., 2014), the
prokaryotic assemblages in the upper mesopelagic of these two oceans
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represent active nodes of remineralization of organic matter. We also tested the
temperature dependence of R and PGE in our in situ data derived from
temperature-controlled experiments. Finally, we compiled the existing
literature from direct estimates of R and PGE to explore the temperature
sensitivity of the dark ocean carbon metabolism.
4.3. Material and methods
4.3.1. Study site and sampling
The study was conducted on board the “R/V Hesperides” across the South
Atlantic and Indian Oceans (Figure 4.1. and Table 4.1.), during part of the
Malaspina Expedition (www.expedicionmalaspina.es) from January to March
2011. A total of 12 stations were sampled crossing the two ocean basins (Figure
4.1.). Water samples for metabolism experiments, as well as for in situ
measurements, were collected at the same depths in the upper mesopelagic
zone (from 330 to 585 m, Table 4.1.) using a rosette sampler (provided with 24
12L-Niskin bottles), implemented with a Conductivity–Temperature–Depth
(CTD) instrument (Seabird SBE 9). Before setting up the experiments, water
from the Niskin bottle was drawn into a carboy (without any pre-filtration),
gently mixed, and left for 2 h inside a temperature-controlled chamber to reach
in situ temperature. Following, the water was homogeneously distributed into
28 BOD bottles; 7 for each time sampling interval (0, 24, 48 and 72 h) of the
experiment. From these, six bottles were used as replicates for oxygen
consumption measurement and one bottle for prokaryotic heterotrophic
production.
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Figure 4. 1. Location of the stations selected for the respiration experiments (white dots), superimposed to a Moderate Resolution Imaging Spectroradiometer
(MODIS) image of chlorophyll a averaged for the sampling period (from January to March 2011). Source: http://modis.gsfc.nasa.gov/
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Table 4. 1. Stations’ location in the South Atlantic (SA) and Indian (I) Oceans and water mass properties at the
sampling depths where time-series experiments were performed. AOU = apparent oxygen utilization.
Stations

Date (d/m/y)

Latitude

Longitude

Depth
(m)

Temperature
(ºC)

Salinity
(psu)

O2 concentration
(µmol kg-1)

AOU
(µmol kg-1)

SA1
SA2
SA3
SA4
I1
I2
I3
I4
I5
I6
I7
I8

22/01/2011
24/01/2011
27/01/2011
04/02/2011
15/02/2011
25/02/2011
28/02/2011
03/03/2011
06/03/2011
09/03/2011
19/03/2011
24/03/2011

25.9ºS
27.0ºS
28.7ºS
32.8ºS
34.4ºS
28.0ºS
29.6ºS
29.8ºS
29.6ºS
30.3ºS
36.6ºS
39.2ºS

27.6ºW
21.4ºW
11.8ºW
12.8ºE
31.1ºE
63.3ºE
72.4ºE
82.6ºE
93.0ºE
103.3ºE
120.9ºE
135.1ºE

550
450
585
330
430
450
450
450
450
450
470
400

9.8
11.8
8.7
11.4
14.9
12.5
11.7
10.9
10.5
9.5
9.5
9.6

34.78
35.02
34.66
34.95
35.42
35.15
35.03
34.91
34.83
34.71
34.68
34.71

185.62
195.81
178.83
201.98
189.63
213.54
214.26
222.47
225.67
220.63
227.93
226.81

94.15
70.29
108.43
64.97
58.16
46.18
50.65
47.23
46.61
57.63
50.85
52.23
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4.3.2. Biological analyses
4.3.2.1. Prokaryotic heterotrophic abundance
In situ prokaryotic heterotrophic abundance (PHA) was measured by
flow cytometry (Gasol and del Giorgio, 2000), using a FACScalibur Becton
Dickinson cytometer equipped with a laser emitting at 488 nm. Samples were
obtained from the same Niskin bottles where water was collected for
experiments. A 1.5 ml aliquot was fixed with 1% of paraformaldehyde + 0.05 %
glutaraldehyde (final concentrations), deep-frozen in liquid nitrogen and stored
at -80 ºC until analysis (less than one week after collection). Prokaryotic biomass
(PB; mg m-3) was calculated by transforming relative light side scatter (SSC) to
cell diameter, using the linear regression model of Calvo-Díaz and Morán
(2006) after staining the samples with SybrGreen I. A spherical shape was
assumed to derive cellular volumes, which were later converted to biomass
with the allometric equation of Gundersen et al. (2002).
4.3.2.2. Prokaryotic heterotrophic production
Samples for prokaryotic heterotrophic production (PHP) were obtained
both directly from the Niskin bottles (in situ PHP) and from the BOD bottles
used in the time-series experiments at different incubation times (0, 24, 48 and
72 h). PHP was measured by 3H-Leucine (specific activity = 144.2 Ci mmol-1)
incorporation into proteins (Kirchman et al. 1985), according to the
microcentrifugation protocol proposed by Smith and Azam (1992). Four
replicates (1.2 ml) and two trichloroacetic acid (TCA)-killed blanks in
microcentrifuge tubes were added L-[4, 5-3H] leucine at 20 nM. Samples and
blanks for experiments and Niskin bottles were incubated (for 2 to 8 h) at in situ
temperature. Incubations were stopped by adding 50 % TCA, centrifuged (10
min. and 14000 r.p.m.) and again rinsed with 5 % TCA and centrifuged.
Scintillation cocktail (1 ml Optisafe HiSafe, Perkin Elmer) was added and, after
24 h, the emitted radioactivity was counted on board in a liquid scintillation
counter (Wallac-Perkin Elmer). Leucine incorporation rates (pmol Leu l-1 h-1)
were converted into carbon by using a theoretical factor of 1.55 kg C mol Leu-1
(Simon and Azam 1989), assuming that isotope dilution was negligible under
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this saturating concentration of 20 nM of 3H‐Leucine. PHP rates (average
coefficient of variation ~ 4 %) were integrated (PHPint) during the experiments
as the area obtained from time 0 to the final time (Figure 4.2.), and expressed as
daily rates (μmol C m–3 d–1). Prokaryotic biomass turnover times (days) were
estimated as PB/PHP for in situ samples.
4.3.2.3. Respiration
Water samples for the respiration experiments were homogeneously
siphoned into 24 biological oxygen demand (BOD) bottles (nominal volume 125
ml), that were kept in the dark inside temperature-controlled water baths (± 0.1
ºC). Six BOD bottles were fixed immediately with Winkler reagents (Figure
4.2.), and left immersed together with the rest of bottles inside the water baths
during the dark incubation steps. Other six replicate bottles were fixed at 24, 48
and 72 h. Community respiration was measured at each time series interval (024, 24-48 and 48-72 h) from changes in O2 concentration in the bottles. Finally,
like with PHP, integrated respiration rates (Rint) were estimated as the area
obtained from t0 to final time and expressed as daily rates (μmol C m–3 d–1).
Dissolved oxygen measurements were carried out by automated microWinkler
titrations using a Dissolved Oxygen Analyser (DOA; SiS®) with photometric
end-point detection (Williams and Jenkinson, 1982). The coefficient of variation
of oxygen concentration among replicated bottles was always <1%. A
respiratory quotient of 1 was used to convert oxygen consumption into carbon
respiration (del Giorgio et al., 2006). To minimize the potential effect of growing
prokaryotes inside the BOD bottles along the incubations, experimental R was
back-scaled to in situ conditions using the power fit obtained between
experimentally derived PHP and R, knowing in situ PHP (see details in the
Results section). For this, we assumed that prokaryotic assemblages were
responsible for the whole community respiration. In situ specific R rates were
obtained as the ratio between in situ R and the prokaryotic biomass (R/PB).
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Figure 4. 2. Process of O2 fixation in BOD bottles and titration with the Dissolved Oxygen Analyzer DOA SiS® titrator. Replicate bottles were taken out the
bath before fixation (A); Winkler reagents 1 (manganese sulfate) and 2 (alkaline solution of sodium iodide) were carefully added (B); the BOD bottles were
vigorously shaken (C); then the fixed bottles were stored in the dark and covered with water until titration (in less than 24 hours) (D); image of a bottle with
the precipitate of manganese hydroxide ready for the titration (E); sulfuric acid solution was added (F); titration (shaking with a magnetic stirrer) was
performed with the DOA SiS® titrator (G). More details can be found in Arístegui et al. (2012) (in Annex IV).
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4.3.3. Influence of temperature on respiration
The dependence of R on temperature was tested using the Metabolic
Theory of Ecology (MTE) (Brown et al., 2004), assuming that metabolic
processes at community-level or ecosystem level depend on ambient
temperature (Sarmento et al., 2010). This temperature dependence was
examined in our in situ back-scaled R values and also compared to all R data
available, derived from direct O2 consumption, found in the literature.
Ln metabolic rate (R) = a – b (1 / kT),
where k is the Boltzmann’s constant 8.62 10-5 eV K-1 and T is the absolute
water temperature in ºK. The negative slope (b) in the Arrhenius plot
corresponds to the activation energy (Ea, eV). Ea was further transformed to Q10
(the change in metabolic rate for a 10 ºC temperature increase) using the
algorithm proposed by Raven and Geider (1988), Q10 = Exp (10Ea / rT2), where r
is the gas constant (8.314472 mol-1 K-1) and T is the mean absolute temperature
(ºK) across the range over which Q10 was measured. Ea was converted to J mol-1
using the conversion factor of 96486.9 J eV-1 mol-1.
4.3.4. Statistical analyses
Statistical analyses were performed using Statistica 6.0 (StatSoft Inc,
1997). The dataset were log-transformed to fit the assumptions of normality and
homoscedasticity before performing the regression analysis.
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4.4. Results
4.4.1. Respiration, prokaryotic production and growth efficiency in the experiments
In all the experiments 3H-Leucine incorporation rates increased and O2
concentrations decreased over time (e. g. Figure 4.3.). Integrated PHP (PHPint)
in the experiments ranged from 1.7 to 96.1 μmol C m–3 d–1, while integrated R
(Rint) varied ca. 3.5-fold from 131 to 467 μmol C m–3 d–1 (Table 4.2.), being R and
PHP strongly correlated (N = 10, r2 = 0.79 and p-value = 0.001). The calculated
PGE values from R and PHP in the experiments were low on average (~5.9 %),
although variable, ranging from 1.3 to 17.1 (Table 4.2.).

Figure 4. 3. Representative example of the changes in the leucine incorporation rate (pmol Leu l1

h-1, grey dots) and the O2 concentration (µmol O2 kg-1, black dots) along the experiment

performed at station I1 located in the Indian Ocean at 430 m depth. Bars represent the standard
error of 6 replicates.
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Table 4. 2. Integrated community respiration rate (Rint) and prokaryotic
heterotrophic production (PHPint) estimated over the incubation times
(Time, h) in the experiments (see Material and Methods section). The
prokaryotic growth efficiencies (PGE) derived from both PHPint and Rint
are also included. T = Incubation Temperature. *R, and consequently
PGE estimates, were not determined in these experiments.

Experiment
SA1
SA2*
SA3
SA4
I1
I2
I3
I4
I5
I6
I7*
I8

Time
(h)
72
72
72
24
72
72
72
72
72
72
72
72

T
(ºC )
9.3
9.2
9.0
10.2
15.1
12.6
11.7
11.2
10.6
9.6
8.6
8.6

PHPint
(μmol C m–3 d–1)
24.2
16.9
17.7
7.2
96.1
28.0
12.4
15.4
8.2
4.1
1.7
1.7

Rint
(μmol C m–3 d–1)
255
254
203
467
340
349
274
297
145
131

PGE
(%)
8.7
6.5
3.4
17.1
7.6
3.4
5.3
2.7
2.7
1.3

4.4.2. In situ prokaryotic assemblages and metabolism in the upper mesopelagic
environment
In situ prokaryotic heterotrophic abundance (PHA) and production
(PHP) varied ~ 20-fold (from 0.5 to 11.0 x 105 cell ml-1) and 30-fold (from 0.3 to
9.1 μmol C m–3 d–1), respectively (Table 4.3.). The highest in situ PHA and PHP
were found in the western Indian Ocean (stations I1 and I2). However, the
highest biomass turnover times were located in the eastern Indian Ocean
(stations I6, I7 and I8).
In situ R was estimated by back-scaling experimental R to in situ PHP,
using the power relationship observed between the integrated experimental
PHP and R (Figure 4.4.); where Rint = 127.24 (± 22.52) PHPint0.283 (±0.053) (N = 10,
r2 = 0.78 and p-value = 0.0007). Back-scaled in situ R ranged between 87 and 238
μmol C m–3 d–1 (Table 4.3.), and represented, on average, about two-fifths of in
vitro experimentally-derived values. However, both in situ and experimental
PHPint were significantly correlated (N = 12, slope = 7.65 ± 1.59, r 2= 0.70 and pvalue = 0.0007). The in situ R in the studied stations showed a similar
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geographical pattern as the experimental R estimates, with the highest values in
the western Indian Ocean (stations I1 and I2).

Figure 4. 4. Log-log relationship between integrated prokaryotic heterotrophic production and
integrated community respiration in the in vitro experiments. The dashed regression line
represents the log-log linear transformation of the fitted power function: Rint = 127.24 (±
22.52) PHPint0.283 (±0.053); r2 = 0.78 and p-value = 0.0007.

The estimated in situ PGE values (derived from back-scaled R and in situ
PHP) were low in all the study stations, but ranged one order of magnitude,
from 0.3 to 3.7 % (Table 4.3.), and averaged about 1.4 %. The geographic pattern
of the in situ PGE was similar to PHP and R, being the highest observed PGE
values at stations I1 and I2.
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Table 4. 3. Prokaryotic heterotrophic abundance (PHA) and production (PHP), prokaryotic biomass
(PB), turnover time, back-scaled respiration rates (R) and resulting growth efficiencies (PGE)
corresponding to the in situ conditions.
Stations
SA1
SA2
SA3
SA4
I1
I2
I3
I4
I5
I6
I7
I8

PHA
(x 105 cell ml–1)
0.5
0.8
0.8
3.0
11.0
6.0
1.4
1.7
1.7
1.7
2.3
3.0

PB
(mg C m-3)
0.30
0.47
0.44
1.62
6.67
0.92
0.86
0.85
0.88
0.88
1.20
1.50

PHP
(μmol C m–3 d–1)
1.0
4.4
2.8
2.8
9.1
6.6
0.9
0.8
1.0
0.3
0.3
1.0

Turnover time
(day)
24
9
13
48
61
11
80
93
70
278
288
125

R
(μmol C m–3 d–1)
129
194
170
170
238
218
123
118
129
87
94
127

PGE (%)
0.8
2.2
1.6
1.6
3.7
3.0
0.7
0.6
0.8
0.3
0.4
0.8
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4.4.3. Temperature control on R and PGE
Experimental Rint was strongly correlated with temperature during the
incubations (Figure 4.5.; N = 10, r2 = 0.79 and p-value = 0.0004). Figure 4.6. plots
the Arrhenius trend for all deep ocean data (derived from O2 consumption in
BOD bottles) found in the literature (see also Table 4.4.) showing a significant
temperature dependence (N = 57 and p-value = 0.000001) on R across different
marine regions. Table 4.5. also shows the results of the Arrhenius plots and Q 10
values corresponding to this study and all data in the literature. The estimated
activation energy (Ea) and fitted Q10 value for this study (Ea = 0.90 ± 0.29 eV and
Q10 = 3.65) were consistent with the calculated values from the literature (Ea =
0.98 ± 0.16 eV and Q10 = 4.07). However, the specific rates of the in situ R values
(R/PB) were not significantly related to temperature (p-value = 0.418).

Figure 4. 5. Relationships between temperature and respiration rates (black dots) and
prokaryotic growth efficiencies (grey dots) in the in vitro experiments. The dashed regression
lines plot significant relationships (p-values < 0.05).
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Figure 4. 6. Arrhenius plot showing the effect of temperature (1/KT) on the deep ocean R data
(derived from O2 consumption) found in the literature, including also this study data. The black
line represents the significant linear relationship (p-value = 0.000001); dashed lines are the
95% confidence interval of the slope. Biddanda and Benner (1997) (crosses), Reinthaler et al.
(2006) (triangles), Baltar et al. (2010) (diamonds), Arístegui et al. (2005b) (black circles),
Weinbauer et al. (2013) (grey circles) and this study (squares).
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Table 4. 4. Reported prokaryotic growth efficiencies (PGE) in the dark ocean, derived from direct measurements of both prokaryotic heterotrophic
production (PHP) and respiration (R), indicating the different approaches.
Location

PHP approach

R approach

100 - 500

In situ leucine incorporation

Linear regression between time and O2
concentration in experiments

Subtropical North
Atlantic Ocean

600 - 1000

Average of in situ thymidine and
leucine incorporation

North Atlantic
Ocean

100 -4000

In situ leucine incorporation

Difference in O2 concentration in
experiments. Back-scaling to in situ
conditions
Difference in O2 concentration in
experiments

350 - 1000

In situ leucine incorporation and
prokaryotic biomass yield in
experiments

In situ leucine incorporation

Gulf of Mexico

Subtropical North
Atlantic Ocean
South Atlantic and
Indian Oceans

Depth (m)

300 – 600

PGE (%)

Reference

8 - 12

Biddanda and
Benner, 1997

13 - 18

Arístegui et al., 2005b

~2

Reinthaler et al., 2006

Difference in O2 concentration in
experiments

< 1 – 24

Baltar et al., 2010

Difference in O2 concentration in
experiments. Back-scaling to in situ
conditions

< 1 – 17

This study
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Table 4. 5. The slopes of the regression (- activation energy, eV) and the parameters of the
Arrhenius plot between Ln of respiration rate (R, μmol C m–3 d–1) and inverse of temperature
(1/kT), Ln (R) = a - b (1/kT), for in situ data in this study and all data in the literature (Figure
4.5.). The Q10 temperature coefficients are also shown.
Temperature
range (ºC)

Rate

Intercept ± SE

Slope ± SE

R2

p-value

N

Q10

This study

8.7 – 14.9

R

41.86 ± 11.98

-0.90 ± 0.29

0.49

0.012

12

3.65

Literature

1.9 – 22.0

R

45.89 ± 6.33

-0.98 ± 0.16

0.42

0.000001

57

4.07

PGE, derived from experimental PHPint and Rint, was positive and
significantly correlated to temperature (Figure 4.5.; N = 10, r2 = 0.53 and p-value
= 0.016), as well as considering the in situ conditions (N=12, r2 = 0.58 and p-value
= 0.004). However, including all the data found in the literature, we did not
obtain a significant relationship between PGE and temperature (Figure 4.7.; pvalue > 0.05).
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Figure 4. 7. Scatterplot of prokaryotic growth efficiencies (PGE), derived from direct estimates of
R and PHP, as function of temperature for deep ocean prokaryotes found in the literature
including this study. The grey dashed line represents PGE = 4 %. The symbols correspond to
Biddanda and Benner (1997) (crosses), Reinthaler et al. (2006) (triangles), Baltar et al. (2010)
(diamonds), Arístegui et al. (2005b) (circles) and this study (squares).
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4.5. Discussion
Direct determination of R from O2 consumption during in vitro
incubations in the dark ocean requires, in most cases, long-term incubations (> 24
h), to detect significant changes in O2 concentration. This may lead to the
generation of artifacts as consequence of the confinement of microbial
populations inside bottles, favoring cell growth after 1-2 days and increasing
metabolism. In addition, changes in community structure may also take place
during the incubations, shifting the community towards opportunistic
populations (Massana et al., 2001). Nevertheless, some studies have shown that,
in spite of these changes in community structure during daily incubations,
metabolic rates can be maintained constant or directly correlated to the increases
in biomass (e. g. Baltar et al., 2012). Despite these drawbacks, some previous
studies derived in situ R directly from oxygen consumption in vitro incubations
(Reinthaler et al., 2006; Baltar et al., 2010). Arístegui et al. (2005b) demonstrated,
however, that when long incubations (>24 h) are necessary to obtain significant
changes in oxygen consumption, the back-scaling of the experimental results to
the in situ conditions is likely the most accurate approach to infer R in the dark
ocean. Thereby, experimental R can be back-scaled to in situ conditions when a
strong relationship between microbial respiration and production (or biomass) is
obtained along the experiment, as it happened in this study (Figure 4.4.).
Few studies have addressed the effect of hydrostatic pressure on
prokaryotic metabolism. In spite of the limited information currently available,
Tamburini et al. (2013) reviewed these studies, concluding that decompression of
deep-water samples underestimates in situ activity. This conclusion, however, is
based on prokaryotic piezophilic populations from the deep ocean (>1000 m
depth), adapted to live under high pressures, low temperatures and very low
organic matter concentrations, a situation far different to the mesopelagic realm
with lower hydrostatic pressure and higher organic matter content.
To date, the few available estimates of dark R obtained from oxygen
consumption have been mostly determined for the North Atlantic Ocean and the
Mediterranean Sea (Biddanda and Benner, 1997; Arístegui et al., 2005b;
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Reinthaler et al., 2006; Baltar et al., 2010; Weinbauer et al., 2013). Our back-scaled
in situ values of R (ranging from 87 to 238 μmol C m–3 d–1) are comparable to the
back-scaled R estimates determined by Arístegui et al. (2005b) in the Canary
Current region (220 ± 50 μmol C m–3 d–1). On the other hand, the experimental R
values in this study (from 131 to 467 μmol C m–3 d–1) are more similar to other
studies (240 - 3360 μmol C m–3 d–1 in Biddanda and Benner, 1997; 60 - 300 μmol C
m–3 d–1 in Reinthaler et al., 2006; 90 - 1180 μmol C m–3 d–1 in Baltar et al., 2010; 230
– 1650 μmol C m–3 d–1 in Weinbauer et al., 2013) where the back-scaling approach
was not applied.
The largest data set of respiration in the global dark ocean is, however,
based on potential respiratory activity derived from enzymatic electron transport
system (ETS) measurements. A global average R of 10 μmol C m–3 d–1 was
estimated by Arístegui et al. (2003) for the mesopelagic zone assuming a
conservative R/ETS ratio of 0.1, characteristic of bacterial populations in
senescent state (Christensen et al., 1980). This global rate represents, however, a
lower threshold since prokaryotic communities in the mesopelagic zone can be
far from being senescent, presenting R/ETS ratios closer to 1 (Arístegui et al.,
2005b), typical of bacterial assemblages in exponential growth phase
(Christensen et al., 1980). If so the ETS-derived R (using a R/ETS of 1) would be
in the range of the back-scaled R obtained in this study.
There are also very few studies in the literature reporting PGE in the dark
ocean derived from direct measurements of R and PHP (Table 4.4.). In situ PGE
in our study were on average ~ 1.4 %. These low PGE are in accordance with
estimates reported by Reinthaler et al. (2006) in the meso- and bathypelagic
region of the North Atlantic Ocean (~ 2 %), but without any back-scaling
procedure in the direct R estimates. Dumont et al. (2011) found similar low PGE
in the South of Tasmania using the equation proposed by del Giorgio and Cole
(1998) to predict PGE from PHP. Other studies estimated the prokaryotic
consumption from empirical equations, which were generated from surface
ocean samples (Carlson et al., 2004; Tanaka and Rassoulzadegan, 2004), resulting
in higher PGE estimates (5 – 13 % and 19 – 39 %, respectively). Zaccone et al.
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(2003) and Biddanda and Benner (1997) also found high PGE between 6-11 % and
8–12 %, respectively. The methodology used in these later reports, however,
could have affected the estimation of in situ R. Zaccone et al. used indirect R
measurements from ETS activity and Biddanda and Benner only considered 50 %
of the measured respiration in the experiments to estimate PGE. Baltar et al.
(2010) obtained a wide range of PGE (< 1 - 24 %) from a variety of approaches to
estimate PGE from in vitro experiments, similar to our experimental range of PGE
(1.7 – 17.1 %). Only Arístegui et al. (2005b) used a similar back-scaling procedure
to our study to derive R, although PHP was estimated by averaging leucine and
thymidine incorporation rates. These authors obtained higher PGE (13 - 18 %),
which they attributed, based also on other molecular and metabolic prokaryotic
proxies, to the larger organic carbon supply from the continental margins, which
likely translated into a more efficient use of carbon for growth in the mesopelagic
zone. The low in situ PGE values in our study confirm the hypothesis that most
of the organic matter transported to the mesopelagic zone in open ocean waters
is mineralized, ending up as CO2; yet more studies reporting direct R estimates
are essential for a better knowledge of the regional variability in prokaryotic
carbon use throughout the dark ocean.
We observed a strong correlation between water temperature and in situ
R, suggesting a significant temperature dependence on prokaryotic metabolism
also in the mesopelagic ocean. There are several studies describing the influence
of temperature on R and PGE. Nagata et al. (2001), in the mesopelagic waters of
the subarctic Pacific, observed temperature dependence of prokaryotic growth,
reporting positive significant linear regressions in the upper part of the
mesopelagic zone. Bendtsen et al. (2002), based on a model of the microbial food
web, postulated that the gradient of dissolved organic carbon in the deep North
Atlantic could be explained by the temperature dependence of bacterial
metabolism. Iversen and Ploug (2013) used results obtained in laboratory
experiments to hypothesize that the carbon flux into deep waters would be
reduced in warmer environments due to increased remineralization rates. Our
results and all these studies suggest that prokaryotic metabolism in the dark
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ocean would be affected by rising temperatures. Nevertheless, the influence
would be different depending on whether the temperature affects more growth
(new biomass generation), being carbon channeled through higher trophic levels,
or respiration, being carbon recycled as CO2 (e. g. Vázquez-Domínguez et al.,
2007). The temperature dependence of mineralization rates does not preclude,
however, that the concentration and quality of organic matter might also affect
oxygen consumption rates in the dark ocean. Indeed, Nagata et al. (2001)
concluded that organic matter was more important than temperature in
determining the growth of heterotrophic prokaryotes in the upper mesopelagic
zone of the Subarctic Pacific.
The metabolic theory of ecology (MTE) establishes an increment of the
organisms’ metabolism with increasing temperatures (Brown et al., 2004), as has
been observed in planktonic communities of the surface ocean (López-Urrutia
and Morán, 2007; Regaudie-de-Gioux and Duarte, 2012). Our results show a
significant in situ R dependence on temperature in the range of 8.7 to 14.9 ºC.
This temperature dependence is also obtained considering all R data previously
reported from the dark ocean (Table 4.5.). In contrast to the expected increase of
cell-based metabolism in a warmer environment, we observed in our study a lack
of correlation between temperature and specific R (R/PB). Likely a variable
fraction of in situ prokaryotes were metabolically inactive (Gasol et al., 1995) and,
consequently, specific R in our study was not a good proxy to detect temperature
changes. The R activation energy value estimated in this study (E a of 0.90 ± 0.29
eV) was higher than those reported by Lopéz-Urrutia and Morán (2007) for
specific R in the surface ocean (Ea = 0.589 eV), by Yvon-Durocher et al. (2012) for
microbial populations in the global ocean (Ea = 0.57 eV) or by Arístegui and
Montero (1995) for microplankton R derived from ETS activity (Ea = 0.70 eV).
However, Regaudie-de-Gioux and Duarte (2012) reported comparable Ea values
for R in the Atlantic Ocean (Ea = 0.92 ± 0.11 eV). The Q10 values determined in
this study (Table 4.5.) were also higher than the Q10 range of 1 – 3 for R reported
by Church (2008).
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Recent forecasts consider a global warming rate per decade between 0.015
and 0.11 ºC in the upper 700 m (Intergovernmental Panel on Climate Change;
Rhein et al., 2013), which could lead to an increase of R of about 4 % according to
our calculations. Since the global-warming slowdown detected in surface ocean
during the 21st century is partially a consequence of the heat transfer to deeper
depths (Chen and Tung, 2014), prokaryotic mineralization rates at the
mesopelagic zone could be influenced by increasing temperatures in the dark
ocean. Therefore, the R vs. temperature reported in this study could help to
predict future scenarios in the mesopelagic zone.
The positive relationship between PGE and temperature in the
experiments (Figure 4.5.) is not consistent with previous studies, which reported
a decrease of PGE as temperature increases (Rivkin and Legendre, 2001;
Kritzberg et al., 2010a and b). Rivkin and Legendre (2001), in a data compilation
study, found a negative relationship between these two parameters for a wide
range of temperatures (-1.4 – 29 ºC). Likewise, Kritzberg et al. (2010a and b)
showed a stronger response of respiration to temperature than production, both
in an oligotrophic coastal marine system (with a temperature range of 14.4 – 28
ºC) and in Arctic waters (with a temperature range of -0.6 – 5.8 ºC). On the
contrary, Wohlers et al. (2009) observed in in-door mesocosms’ experiments
carried out with water from the Baltic Sea, under a gradient of low temperatures
(2.5 ºC-8.5 ºC), that bacterial production was stimulated by temperature increases
but community respiration (< 3 μm) remained apparently unaffected; then, BGE
increasing with rising temperatures. Reinthaler and Herndl (2005) also found
higher PGE during the warmer spring and summer periods than during the
cooler winter time in the southern North Sea. Other studies, however, had
suggested that R and PHP would respond similarly to temperature changes
(López-Urrutia and Morán, 2007; Vázquez-Domínguez et al., 2007), suggesting
that differences in the response of PHP and R to environmental factors (and
consequently to BGE) would be related to the bioavailability of organic resources
(López-Urrutia and Morán, 2007) or, as discussed above, to the co-variation effect
between temperature and organic matter.
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in the Mediterranean Sea

Abbreviated title: EP in the Mediterranean Sea
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5.1. Abstract
Exopolymer particles (EP) are polysaccharide-enriched particles mostly
from microbial origin involved in the formation of large aggregates and
mucilages, particularly relevant in the Mediterranean Sea. We performed an
extensive survey of EP including the Eastern, the Western Mediterranean Sea
and the adjacent Northeast Atlantic Ocean and covering all the depths from
surface (3 m) to the bottom depth. EP concentrations decreased markedly with
depth, with the highest EP values in the surface waters (from 5.3 to 81.7 µg XG eq
l-1), normally above the deep chlorophyll maximum depth. The Eastern
Mediterranean (EM) basin showed lower EP concentrations than the Western
Mediterranean (WM) basin and the Northeast Atlantic (NEA) Ocean, and the
highest EP values were observed close to the Strait of Gibraltar. Phytoplankton
production (estimated from satellite data), rather than specific phytoplanktonic
groups or chlorophyll a concentration, was positive and significantly related to
EP concentrations in the surface waters. The abundance of heterotrophic
prokaryotes was also related to EP concentrations both in surface and deep
waters of the Mediterranean Sea, indicating their active influence on the EP pool.
EP distribution in the mesopelagic and deep waters mirrored to some extent EP
in epipelagic waters suggesting that the downward flux is a significant via of EP
transportation into deep waters. The estimated EP fluxes at 200 and 1000 m
depth averaged higher values for the WM basin (16.8 and 3.4 g C m-2 yr-1,
respectively) and for the NEA Ocean (14.5 and 5.1 g C m-2 yr-1, respectively) than
for the EM basin (5.5 and 1.1 g C m-2 yr-1, respectively).
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5.2. Introduction
Exopolymer particles (EP), polysaccharide-rich microgels (from ~ 0.4 to >
200 µm), are ubiquitous in marine systems (Alldredge et al., 1993). These
particles in the open ocean are generated from abiotic aggregation of dissolved
polymers released by heterotrophic and autotrophic microorganisms (Passow,
2002; Verdugo et al., 2004). Higher EP concentrations are normally associated
with phytoplankton blooms (e. g. Mari and Kiørboe, 1996; Hong et al., 1997) and
regions where algal biomass increase due to favorable growth conditions (Prieto
et al., 2006). In contrast, relatively elevated EP concentrations may also be
expected in oligotrophic zones since a high EP formation per unit cell occurs
under nutrient-depleted stresses as a consequence of carbon overflow (Bar-Zeev
et al., 2009; 2011). The variable EP accumulation across marine environments is
determined by the quantity and quality of the polymers released by
microorganisms and the environmental conditions promoting their abiotic selfassembly. The ecological relevance of EP lies in their particular physicochemical
properties, with low density and high stickyness (Engel, 2000; Azetsu-Scott and
Passow, 2004), that affect the ocean-atmosphere gases exchange (when EP
accumulate in the surface microlayer) or downward exports of aggregates
towards the deep ocean when they are ballasted (Passow, 2002; Wurl et al., 2011).
The Mediterranean Sea is an oligotrophic ecosystem characterized by
surface phosphorous limitation, particularly accentuated in the Levantine basin
(Thingstad et al., 2005). This semi-enclosed sea is connected to the Northeast
Atlantic Ocean through the highly dynamic and productive region of the Strait of
Gibraltar, characterized by a two-layer system with an upper Atlantic layer
inflowing into the Mediterranean Sea, and Mediterranean water outflowing at
deep (Lacombe et al., 1982; Gascard and Richez, 1985). In this sea, frequent
mucilage events with large mucus aggregates, preceded by periods with elevated
EP levels, have been described (Radic et al., 2005; Danovaro et al., 2009). A few
previous studies have documented the variability of EP concentrations in surface
waters (Garcia et al., 2002; Ortega-Retuerta et al., 2010) and in the mesopelagic
waters (Bar-Zeev et al., 2011; Prieto et al., 2006; Weinbauer et al., 2103). These
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studies showed variable EP accumulations both geographically and vertically,
which is well reflected in contrasting regions as the Strait of Gibraltar (García et
al., 2002; Prieto et al., 2006) or the Levantine basin (Bar-Zeev et al., 2011). Despite
these studies, there is still a gap of knowledge on EP distribution in deep waters
of this sea. Here, we designed an extensive survey to describe EP distribution
from the Eastern to the Western Mediterranean Sea, including also the closer
Northeast Atlantic Ocean. We covered the whole depth profile and we explored
the potential biological factors driving their distribution.
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5.3. Material and methods
5.3.1. Sampling and study area
A total of 29 stations were sampled from on board R/V Sarmiento de
Gamboa along a Mediterranean Sea section from East to West also extending to
the subtropical Northeast Atlantic (NEA) Ocean reaching the Canary Islands,
from 29 April to 28 May 2014 (Figure 5.1.). Water samples were collected using a
rosette of 24 Niskin bottles (12 l each) coupled to a conductivity and Seabird SBE
9 conductivity-temperature–pressure probe (CTD). Up to a total of 13 depths
were sampled covering the entire water column, from 3 m depth down to 10 m
above the seafloor.
Samples from the surface water layer (SW; down to 150 m) were
systematically collected at four depths: 3 m, the depth receiving 20% of the
surface photosynthetically active radiation, the deep chlorophyll maximum
(DCM) depth, and between 10 m and 45 m below the DCM. The depth of the
DCM was determined after visual inspection of the vertical profiles of
chlorophyll a (chl a) fluorescence.
On the basis of the temperature-salinity diagrams and previous published
information, samples in the aphotic zone (>200 m) were normally taken at depths
of the Levantine Intermediate Waters (LIW; two or three sampling depths), from
200 to 400 m depth in the Eastern Mediterranean (EM) basin and between 200
and 600 m depth in Western Mediterranean (WM) basin, and at greater depths of
the Eastern and Western Mediterranean Deep Waters (EMDW and WMDW,
respectively; up to seven sampling depths). In the NEA Ocean, the deep samples
were taken from three water masses: North Atlantic Central Waters (NACW)
between 200 to 750 m depth, Mediterranean Waters (MW) from 750 to 1500 m
depth and from the North Atlantic Deep Waters (NADW; >1500 m).
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Figure 5. 1. Map showing the sampling stations (numbers from 1 to 29) during the Hotmix cruise. The stations were superimposed on a Moderate Resolution
Imaging Spectroradiometer (MODIS) image of chlorophyll a averaged for the whole sampling period (Source: http://modis.gsfc.nasa.gov/). Dashed black lines
show the separation of the basins in the straits of Sicily (Eastern and Western Mediterranean basins) and Gibraltar (Western Mediterranean and subtropical
Northeast Atlantic Ocean).
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5.3.2. Biological and chemical analyses
5.3.2.1. Particulate organic matter
Exopolymer particles (EP) concentrations were measured using the alcian
blue method (Passow and Alldredge, 1995). Duplicate or triplicate samples (0.4 –
2 L) were filtered through 0.4 µm polycarbonate filters (25 mm diameter,
Poretics) and the exopolymer particles (EP) retained on the filters were stained
with 0.5 ml of a 0.02 % solution of alcian blue (Sigma) in 0.06 % acetic acid (pH
2.5). The stained filters were frozen at -80ºC until analysis in the laboratory (less
than 1 month). The alcian blue was extracted from the thawed filters adding 5 ml
of 80 % sulfuric acid and the absorbance was measured at 787 nm in 1 cm path
disposable polystyrene cuvettes using ultrapure water as blanks. Three blanks
were performed in each batch of samples every day (including staining and
freezing in parallel to the samples). Each solution of alcian blue was calibrated
using a fresh standard solution of xanthan gum with a concentration of 25 mg l-1.
The coefficient of variation of the replicates was ~ 17 %. EP concentration was
expressed as micrograms xanthan gum equivalents per liter (µg XG eq l-1) and
converted to carbon units using the lowest and the overall conversion factors of
0.51 and 0.75 µg C per µg XG eq (Engel and Passow, 2001).
Samples for particulate organic carbon (POC) and nitrogen (PON) were
determined after filtering 2 L of the water samples through combusted (450ºC for
12 h) Whatman GF/F filters (25 mm diameter). These filters were stored frozen
(- 20 ºC) until processed. In the laboratory, the filters were thawed and dried
overnight at 65 ºC in a desiccator under HCl fumes to remove carbonates and,
then, dried overnight in a disiccator with silica gel. The POC and PON analyses
were performed by high-temperature combustion in an elemental analyzer
(Perkin Elmer 2400 CHN).
5.3.2.2. Estimation of primary production
Net primary production (PP; mg C m-2 day-1) at each station, during the
sampling period, was obtained from satellite data set in the standard product of
the Ocean Productivity website
(http://www.science.oregonstate.edu/ocean.productivity/)
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which provides PP estimations based on the algorithm Vertically Generalized
Production Model (Behrenfeld and Falkowski, 1997).
5.3.2.3. Pigment analysis
Chlorophyll a (chl a) and phaeophytin a (pheo) concentrations were
measured by the fluorometric method proposed by Yentsch and Menzel (1963).
For each sampling depth, a total volume of 500 ml was filtered through
Whatman GF/F filters (25 mm) and stored frozen (- 20 ºC) in the dark until
analysis. Pigments were extracted in 90% acetone for 24 hours at 4 ºC in the dark.
The emitted fluorescence of the extracts was read, before and after acidification
(with 1N HCl), in a calibrated Turner Design fluorometer (Parsons et al., 1984),
expressing the pigment content as µg l-1.
5.3.2.4. Identification of phytoplankton groups
Phytoplankton groups were determined immediately after collection from
the Niskin bottles, combining a FACScalibur flow cytometer (BD Biosciences),
fitted with a laser emitting at 488 nm, and a Cytosense flow cytometer (CytoBuoy
b.v.) fitted with a blue (488 nm) and a red (642 nm) laser. This allowed the
enumeration

of

the

main

algal

groups,

spanning

from

pico-

to

microphytoplankton. Samples from 6-8 depths, down to 200 m, were analyzed
immediately after collection. Populations were identified from bivariate plots of
forward and side scatter, red, orange and green fluorescence. The cross-check
comparison between the two cytometers allowed discriminating more reliably
the in situ abundances of six algal groups: cyanobacteria (Phrochlorococcus sp. and
Synechococcus sp.), picoeukaryotes, nanoeukaryotes, cryptophytes, and a
heterogeneous cluster of microphytoplankton.
5.3.2.5. Heterotrophic prokaryotes
Prokaryotic heterotrophic abundance (PHA, cell ml-1) was determined by
flow cytometry (Gasol and del Giorgio, 2000), using a FACScalibur cytometer
(BD Biosciences) fitted with a laser emitting at 488 nm. Samples were directly
obtained from the Niskin bottles and 1.5 ml aliquots were fixed with 1% of
paraformaldehyde + 0.05 % glutaraldehyde (final concentrations), deep-frozen in
liquid nitrogen and stored at -80 ºC until analysis (less than 24 hours after
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collection). Prokaryotes were stained with SybrGreen I, and detected in a plot of
side scatter with green fluorescence. We used 1 µm yellow-green Polysciences
beads for reference and to even up the scaling of scatter and fluorescence among
samples.
Prokaryotic heterotrophic production (PHP) was estimated from

3H-

Leucine (specific activity = 112 Ci mmol-1) incorporation into proteins (Kirchman
et al., 1985) and using the microcentrifugation protocol proposed by Smith and
Azam (1992). Four replicates (1.2 ml) and two trichloroacetic acid (TCA)-killed
blanks in microcentrifuge tubes were added L-[4, 5-3H] leucine at 20 nM.
Samples and blanks were incubated (for 2 to 8 h) at in situ temperature.
Incubations were stopped by addition of 50 % TCA (to 5%), centrifugation (10
min. and 10000 r.p.m.) and rinsing with 5 % TCA. Optisafe HiSafe scintillation
cocktail (Perkin Elmer) was added (1 ml), and radioactivity was measured in a
liquid scintillation counter (Beckman LL6000) on board. Leucine incorporation
rates (pmol Leu l-1 h-1) were converted into carbon units by using the theoretical
conversion factor of 1.55 kg C mol Leu-1 (Simon and Azam, 1989), assuming that
isotope dilution was negligible.
5.3.3. Data Analyses
Depth-integrated data were calculated using a conventional trapezoid
method. Statistical analyses were performed using Statistica 6.0 (StatSoft Inc.,
1997). The data were log10-transformed to fit the regression assumptions of
normality and homoscedasticity and regression analyses were performed to
explore the relationship between EP distribution and biological variables. Data
were divided into three basins: Eastern Mediterranean (EM), Western
Mediterranean (WM) and Northeast Atlantic (NEA) Ocean.
5.3.3.1. Estimations of the downward EP fluxes
Assuming that the downward flux derived from phytoplankton primary
production is the major input of EP into the deep waters, we estimated the EP
fluxes at 200 m (EP F200) and 1000 m depth (EP F1000). We first calculated the
corresponding POC fluxes at these depths and, then, applied the significant
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POC-EP relationship found in this oceanographic survey to obtain the
corresponding EP fluxes.
POC fluxes in the Mediterranean Sea were determined from the algorithm
of Martin et al. (1987), as described by Yokokawa et al. (2013). First, we calculated
the POC fluxes at 100 m depth (F100) with the equation proposed by Berger and
Wefer (1990) as a function of primary production (PP):
POC F100 (mg C m-2 d-1) = 2 x PP1/2 x (PP/100)
where PP is the primary production obtained from satellite estimations. Then, we
estimated POC fluxes (Fz) at the selected depths (z) of 200 m and 1000 m depth,
using the power function of Martin et al. (1987):
POC Fz (mg C m-2 d-1) = F100 x (z/100)-b
where flux attenuation coefficients, b, were obtained from sedimentation tramps
by Stavrakakis et al. (2013) in the Eastern Mediterranean Sea (b = 1.07) and by
Zuñiga et al. (2007) in the Algerian basin (b = 0.918) and Sánchez-Vidal et al.
(2005) in the Alboran basin (b = 0.753) of the Western Mediterranean Sea.
POC fluxes at 200 m and 1000 m depths in the NEA Ocean, however, were
estimated from the algorithm proposed by Antia et al. (2001) that relates directly
Fz, at a given depth, and PP:
POC Fz (mg C m-2 d-1) = 0.1 x PP1.77 x z-0.68
5.3.3.2. Transfer efficiency of exopolymer particles (EP TE) between zones
The EP transfer efficiency from epipelagic to mesopelagic waters (EP TEepimeso)

was calculated as:

where

is the depth-integrated EP concentration in the mesopelagic

waters (between 200 to 1000 m depth), lmeso the length of the mesopelagic region
in meters,

is the depth-integrated EP concentration between 3 m and

the depth below the DCM, lSW is the length of the Surface waters (SW) zone.
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Additionally, the EP transfer efficiency from mesopelagic to deep waters
(EP TEmeso-deep) was calculated as:

where

is the depth-integrated EP concentration in the deep waters,

ldeep the length of the deep zone,

is the depth-integrated EP

concentration in the mesopelagic zone, and lmeso is the length of the mesopealgic
zone in meters.
Finally, the contribution of EP to the total POC fluxes (EP %POC Flux) at
the bottom of the surface waters and the mesopelagic zone was calculated as:
EP % POC Flux = (EP Flux /POC Flux) x 100
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5.4. Results
5.4.1. Vertical and geographical distribution of exopolymeric particles
Depth-profiles of EP showed consistently higher concentrations in the
upper 150 m than in deeper waters (Figure 5.2.). EP concentrations in the upper
150 m ranged ~15-fold, from 5.3 to 81.7 µg XG eq l-1, similar to the variability of
heterotrophic prokaryote abundance, and with a median value of 30.9 µg XG eq l1

(n = 121). By contrast, EP concentrations in deep waters (≥ 200 m depth) showed

very constant values, below 35 µg XG eq l-1, down to bottom depth (Figure 5.2.).
Considering all the data from 3 m surface waters to the bottom depths, EP
concentrations declined with increasing depth. This decline can be described by
the exponential fitted regression EP (µg XG eq l-1) = 44.54 (± 1.53) e-6.15 (± 0.47) x depth
(km)

(r2 = 0.63 and p-value < 0.001), the power fitted regression EP (µg XG eq l-1) =

62.08 (± 3.26) x depth-0.26 (± 0.01) with depth expressed in meters (r2 = 0.53 and pvalue < 0.001) and the log-log regression Log10 EP (µg XG eq l-1) = -0.38 (± 0.02)
Log10 depth (m) + 1.94 (± 0.04) (r2 = 0.56 and p-value < 0.001). This log-log slope
(-0.38 ± 0.02) was different from the log-log slope of decrease in depth with
heterotrophic prokaryotic abundance (-0.50 ± 0.04) and production (-0.52 ± 0.02).
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Figure 5. 2. Depth profiles of exopolymer particles in the three basins. Triangles represent the raw data, gray filled boxes and black lines are the 25-75 %
percentiles and the median values, respectively. The data were depth-binned in the following water masses: Surface Water (SW, up to 150 m depth), Levantine Intermediate Water
(LIW; from 200 to 400 m in the Eastern Mediterranean basin and from 200 to 600 m in the Western Mediterranean), Eastern and Western Mediterranean Deep Water (EMDW and
WMDW, respectively), North Atlantic Central Water (NACW; between 200 and 750 m depth), Mediterranean Water (MW; between 750 and 1500 m depth) and North Atlantic Deep
Water (NADW). The red lines represent the fitted power decrease with depth at each basin (p-value < 0.05).
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EP distribution in

surface waters showed generally higher EP

concentrations in the WM basin and the NEA Ocean than in the EM basin
(Figures 5.2. and 5.3.). The WM and NEA basins also showed shallower DCM
depths, exhibiting an inverse relationship between depth-integrated EP in the
surface waters (SW-EP) and the DCM depths [n = 29; Log10 SW-EP = -0.50 (±
0.15) Log10 DCM + 4.46 (± 0.28), r2 = 0.31 and p-value = 0.0018]. Maximum EP
levels in the surface waters were found in the stations close to the Strait of
Gibraltar (Figure 5.3.). EP concentrations in the deep waters reproduced a similar
pattern that the observed in the surface waters with high values at intermediate
depths and stations close to the Gibraltar Strait (Figure 5.3.).
As a result of this characteristic EP distribution in the water column,
depth-integrated EP concentrations in the surface waters were significant and
positively correlated to the depth-integrated EP concentration in the mesopelagic
zone (from 200 to 1000 m depth, Figure 5.4. A). Similarly, there was a significant
relationship between depth-integrated EP in the mesopelagic zone and in waters
below 1000 m depth (Figure 5.4. B).
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Figure 5. 3. Distribution of exopolymeric particles, in a depth-section from Eastern to Western Mediterranean Sea and Northeast Atlantic Ocean. White
dashed lines correspond to the end of each ocean basin.
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Figure 5. 4. Log-log relationships (A) between depth-integrated EP concentration in the surface
waters (SW-EP) and in the mesopelagic waters (Meso-EP) [n = 29; Log10 Meso-EP = 1.00 (±
0.27) Log10 SW-EP + 0.21 (± 0.94), r2 = 0.34 and p-value = 0.0009] and (B) between depthintegrated EP in the mesopelagic zone and in deep waters below 1000 m depth (DW-EP)[n = 25;
Log10 DW-EP = 1.02 (± 0.26) Log10 Meso-EP + 0.14 (± 0.95), r2 = 0.41 and p-value = 0.0006].
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5.4.2. EP contribution to particulate organic matter
EP concentrations in the water column were positively and significantly
related to particulate organic carbon (POC) and nitrogen (PON) concentrations
(Figure 5).

Figure 5. 5. Log-log scatterplot between the EP concentrations and (A) particulate organic
carbon (POC) [n = 336; Log10 EP = 0.95 (± 0.04) Log10 POC – 0.15 (± 0.05), r2 = 0.59 and pvalue < 0.0001] and (B) particulate organic nitrogen (PON) [n = 334; Log 10 EP = 0.83 (± 0.04)
Log10 PON + 0.71 (± 0.02), r2 = 0.54 and p-value < 0.0001]. The dashed gray line corresponds to
the 1:1 Line.
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EP concentrations were transformed into carbon units (C-EP, µg C l-1) to
estimate the EP contribution to the total POC pool (%POC) (Table 5.1.). The EP
contribution as % of POC was higher in the surface waters (up to 150 m depth)
than in the meso- and deep waters. This percentage was particularly high at 3-m
surface and subsurface waters (between 3 m and DCM depths) (Table 5.1.).
Among basins, %POC values were consistently higher in the Northeast Atlantic
than in the Mediterranean Ocean (Table 5.1.).
Table 5. 1. Median and ranges (in brackets) of carbon content (C-EP) of exopolymer particles in the surface,
mesopelagic and deep waters (> 1000 m) calculated using the lowest and overall conversion factors of 0.51 and
0.75 µg C per µg XG eq (Engel and Passow, 2001), and their respective percentage of the POC pool [%POC =
(C-EP / POC) x 100]. Values of %POC are calculated for the whole data set and for each basin separately.

3-m surface
subsurface
DCM
Below DCM
Epipelagic waters
Mesopelagic waters
Deep waters

Carbon content (µg C l-1)
0.51
0.75
18.7 (12.0-41.7) 27.5 (17.7-61.3)
20.1 (5.7-39.0)
29.5 (8.4-57.4)
13.7 (2.7-39.7)
20.2 (4.0-55.7)
8.4 (3.1-17.7)
12.4 (4.5-26.0)
15.7 (2.7-41.7) 23.1 (4.0- 61.3)
3.4 (0.6-17.7)
5.1 (0.9-26.0)
2.7 (0.3-8.1)
4.0 (0.5-11.9)

Total
%POC
0.51 0.75
45
66
49
71
35
52
32
48
38
56
27
39
29
43

Eastern
Med.
%POC
0.51 0.75
47
69
48
71
33
48
32
47
38
56
27
40
25
36

Western
Med.
%POC
0.51 0.75
32
47
39
57
35
51
28
42
34
50
22
32
32
48

Northeast
Atlantic
%POC
0.51 0.51
60
89
72
106
49
72
44
65
60
89
44
65
39
57

5.4.3. Main biological drivers on the EP distribution
Regression analyses were performed to assess the potential biological
drivers regulating the EP concentration in the surface waters (Table 5.2.) or in
waters below 200 m depth (Table 5.3.). Chl a, as indicator of algal biomass, was
not a universal driver of EP concentration. We found inconsistent regressions
between chl a and EP concentration in volumetric terms (Table 5.2.) and the
relationship between depth-integrated chl a and epipelagic EP concentrations
was not statistically significant. In contrast, the chl a:pheo ratios, which provide
useful information of the physiological status of the algal community, were
consistent and positively correlated with EP distribution. In these regressions,
the obtained overall slope of 0.38 (± 0.06) was not significantly different among
ocean basins (Table 5.2.). Additionally, satellite-estimated primary production
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(PP) was significant and positively correlated to the depth-integrated EP
distribution in the surface waters (Figure 5.6.).

Figure 5. 6. Log-log scatterplot between depth-integrated EP distribution in the surface waters
(SW-EP) and primary production (PP) [Log10 SW-EP = 0.35 (± 0.12) Log10 PP + 2.60 (± 0.30);
N = 29, r2 = 0.25 and p-value = 0.0059].

EP concentrations in surface waters, in volumetric terms, were related to
picoeukaryotes and heterotrophic prokaryotes (Table 5.2.). On a basin by basin,
EP concentrations in the EM basin had positive relationships with Synechococcus
sp. and microphytoplankton and a negative relationship with Prochlorococcus sp.,
while picoeukaryotes, nanoeukaryotes and heterotrophic prokaryotes (PHA and
PHP) were more robustly correlated to EP concentrations in the WM basin and in
the NEA Ocean (Table 5.2.).
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Table 5. 2. Results of log-log regression analyses between exopolymer particles and biological drivers
in surface waters (upper 150 m). The asterisk means significant regressions (p-value < 0.05) and the
abbreviation “n.s.” nonsignificant regressions.
Dependent
var.

Independent var.

Exopolymer
particles
(μg XG eq l-1)

Chlorophyll a
(µg L-1)

chl a:pheo ratio

Picoeukaryotes
(cell ml-1)

Synechococcus sp.
(cell ml-1)

Prochlorococcus sp.
(cell ml-1)

Nanoeukaryotes
(cell ml-1)

Cryptophytes
(cell ml-1)

Microphytoplankton
(cell ml-1)

PH
Abundance
(cell ml-1)
PH
Production
(µg C l-1 d-1)

Geographical
region
Total
EM*
WM
NEA
Total*
EM*
WM*
NEA*
Total*
EM
WM*
NEA*
Total*
EM*
WM
NEA
Total*
EM*
WM
NEA
Total
EM
WM*
NEA*
Total
EM
WM*
NEA
Total
EM*
WM
NEA
Total*
EM
WM*
NEA*
Total*
EM
WM*
NEA*

Slope

Intercept.

(±SE)

(±SE)

-0.25(± 0.08)
0.38 (± 0.06)
0.34 (± 0.06)
0.33 (± 0.16)
0.45 (± 0.15)
0.20 (± 0.05)
1.05 (± 0.21)
0.79 (± 0.27)
0.17 (± 0.03)
0.14 (± 0.04)
-0.06 (± 0.03)
-0.16 (± 0.03)
0.18 (± 0.03)
0.20 (± 0.08)
0.10 (± 0.05)
0.39 (± 0.13)
0.64 (± 0.09)
0.46 (± 0.24)
0.73 (± 0.20)
0.79 (± 0.27)
0.22 (± 0.05)
0.25 (± 0.05)
0.20 (± 0.09)

1.00 (± 0.11)
1.33 (± 0.02)
1.26 (± 0.03)
1.38 (± 0.06)
1.43 (± 0.06)
0.81 (± 0.15)
-4.58 (± 1.18)
-3.03 (± 1.57)
0.81 (± 0.10)
0.84 (± 0.14)
1.67 (± 0.09)
1.94 (± 0.11)
0.79 (± 0.13)
0.85 (± 0.28)
1.35 (± 0.07)
0.61 (± 0.26)
-2.18 (± 0.52)
-1.15 (± 1.32)
-2.43 (± 1.08)
-3.03 (± 1.57)
1.62 (± 0.04)
1.67 (± 0.04)
1.71 (± 0.08)

r2
0.18
0.29
0.39
0.09
0.32
0.14
0.37
0.31
0.28
0.21
0.05
0.39
0.40
0.27
0.09
0.18
0.29
0.07
0.25
0.31
0.17
0.34
0.20

pvalue
n.s.
< 0.01
n.s.
n.s.
< 0.01
< 0.01
< 0.05
< 0.01
< 0.01
n.s.
< 0.01
< 0.01
< 0.01
< 0.01
n.s.
n.s.
< 0.05
< 0.01
n.s.
n.s.
n.s.
n.s.
< 0.01
< 0.05
n.s.
n.s.
< 0.05
n.s.
n.s.
< 0.01
n.s.
n.s.
< 0.01
0.064
< 0.01
< 0.01
< 0.01
n.s.
< 0.01
< 0.05
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N
121
52
48
21
116
50
45
21
121
52
48
21
121
52
48
21
121
52
48
21
109
40
48
21
98
32
46
20
109
40
48
21
121
52
48
21
117
51
45
21
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Interestingly, the depth-integrated EP in surface waters was significant
and positively correlated to the depth-integrated picoeukariotes (Figure 5.7. A)
heterotrophic prokaryotes, PHP (Figure 5.7. B) and PHA (Figure 5.7. C).

Figure 5. 7. Log-log scatterplot (A) between depth-integrated EP distribution in the surface waters
(SW-EP) and pioceukaryote abundances [Log10 SW-EP = 0.23 (± 0.07) Log10 picoeukaryotes + 0.91
(± 0.82); n = 29, r2 = 0.27 and p-value = 0.0036]; (B) between SW-EP and depth-integrated PHP in
the surface waters [Log10 SW-EP = 0.13 (± 0.06) Log10 PHP + 3.33 (± 0.08); n = 29, r2 = 0.15 and
p-value = 0.035]; and (C) between SW-EP and depth-integrated PHA in the surface waters [Log10
SW-EP = 0.43 (± 0.11) Log10 PHA -2.51 (± 1.53); n = 29, r2 = 0.36 and p-value = 0.0005].
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EP concentrations, in volumetric terms, in waters below the surface zone
were poorly correlated to the heterotrophic prokaryotes using either the dataset
grouped by water masses (Levantine Intermediate water) or in mesopelagic
(between 200 and 1000 m depth) and bathypelagic zone (> 1000 m) (Table 5.3.).
Only EP concentrations in the mesopelagic zone were consistently correlated to
PHA (Table 5.3.).
Table 5. 3. Results of log-log regression analyses between exopolymeric particles and biological variables
in the mesopelagic and in deep waters (> 200 m depth). Regressions in the Levantine Intermediate Waters
are also included. Asterisks mean significant regressions (p-value < 0.05) and n.s. = non significant
regressions.
Dependent Independent
var.
var.
Mesopelagic Waters (200-1000 m)
Exopolymeric
particles
(μg XG eq l-1)

HP
Abundance
(cell ml-1)
PH
Production
(µg C l-1 d-1)

Geographical
region

Slope

Intercept.

(±SE)

(±SE)

r2

p-value

N

EM + WM + NEA*
EM*
WM*
NEA
EM + WM + NEA
EM
WM
NEA

0.48 (± 0.10)
0.37 (± 0.12)
0.65 (± 0.22)
-

-1.62 (± 0.49)
-1.12 (± 0.58)
-2.53 (± 1.17)
-

0.20
0.19
0.20
-

< 0.01
< 0.01
< 0.01
n.s.
n.s.
n.s.
n.s.
n.s.

99
46
35
18
79
33
33
13

EM + WM*
EM
WM*
EM + WM
EM
WM

0.50 (± 0.16)
0.60 (± 0.27)
-

-1.78 (± 0.87)
-2.32 (± 1.41)
-

0.14
0.15
-

< 0.01
n.s.
< 0.05
n.s.
n.s.
n.s.

57
26
31
43
14
29

EM + WM + NEA*
EM
WM
NEA
EM + WM + NEA
EM
WM
NEA

0.31 (±0.13)
-

-0.74 (± 0.62)
-

0.04
-

< 0.05
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

124
52
43
29
89
42
34
13

Levantine Intermediate Waters
Exopolymeric
particles
(μg XG eq l-1)

PH
Abundance
(cell ml-1)

PH
Production
(µg C l-1 d-1)
Deep Waters (> 1000 m)
Exopolymeric
particles
(μg XG eq l-1)

PH
Abundance
(cell ml-1)
PH
Production
(µg C l-1 d-1)

There were significant and positive relationships between depthintegrated EP concentrations and PHA in the mesopelagic zone (Figure 5.8. A)
and in deep waters (>1000 m depth; Figure 5.8. B), but depth-integrated EP and
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PHP were not correlated either at mesopelagic depths or in deep waters. In
addition, depth-integrated EP in the LIW was positive and significantly related
to depth-integrated PHA (Figure 5.9. A) and PHP (Figure 5.9. B).

Figure 5. 8. Log-log scatterplot between (A) depth-integrated EP concentration (Meso-EP) and
heterotrophic prokaryotic abundance (Meso-PHA) in the mesopelagic waters [Log10 Meso-EP =
0.91 (± 0.17) Log10 Meso-PHA – 8.97 (± 2.39); N = 29, r2 = 0.51 and p-value < 0.00001]; and
(B) between depth-integrated EP distribution (Deep-EP) and heterotrophic prokaryotic
abundance (DW-PHA) in waters below 1000 m depth [Log10 DW-EP = 1.02 (± 0.18) Log10 DeepPHA – 10.16 (± 2.52); N = 24, r2 = 0.59 and p-value < 0.00001].
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Figure 5. 9. Log-log scatterplot between (A) depth-integrated EP concentration (LIW-EP) and
heterotrophic prokaryotic abundance (LIW-PHA) in the Levantine intermediate waters [Log10
LIW-EP = 0.71 (± 0.13) Log10 LIW-PHA – 6.39 (± 1.70); N = 24, r2 = 0.58 and p-value <
0.0001]; and (B) between depth-integrated EP distribution (LIW-EP) and heterotrophic
prokaryotic production (LIW-PHP) in the Levantine intermediate waters [Log10 LIW-EP = 1.12
(± 0.28) Log10 LIW-PHP + 2.14 (± 0.24); N = 24, r2 = 0.41 and p-value < 0.001].

5.4.4. EP contribution to POC export
The estimations of EP fluxes at 200 m depth (EP F200) ranged from 11.0 to
137.6 mg C m-2 d-1 with an average of 31.1 mg C m-2 d-1, or from 16.2 to 202.3 mg
C m-2 d-1 with an average of 45.7 mg C m-2 d-1, depending on the conversion
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factors used (Table 5.4.). EP transfer efficiencies from epipelagic to mesopelagic
waters (EP TEepi-meso) indicate that on average approximately half of the
epipelagic EP, ~46%, reached mesopelagic waters (Table 5.4.). EP F200 and EP
TEepi-meso were higher in the Western Mediterranean and in the Northeast
Atlantic basins than in the Eastern Mediterranean basin (Figure 5.10. A and B,
respectively). The contribution of EP to the total POC fluxes at 200 m depth (EP
%POC200m) averaged ca. 30 or 40 % of the total POC fluxes, with very constant
values between basins (Figure 5.10. C).
Depth-integrated EP concentrations in the mesopelagic zone (Meso-EP)
were positively related to EP F200 [n = 29; Log10 Meso-EP = 0.50 (± 0.10) Log10 EP
F200 + 2.82 (± 0.16), r2 = 0.47 and p-value < 0.001] (Figure 5.10. D) and EP TEepi-meso
[n = 29; Log10 Meso-EP = 0.88 (± 0.13) Log10 EP TEepi-meso + 2.16 (± 0.22), r2 = 0.61
and p-value < 0.001] (Figure 5.10. E). However, Meso-EP were inversely related
to EP %POC200m [n = 29; Log10 Meso-EP = -9.40 (± 1.92) Log10 EP %POC200m +
18.89 (± 3.12), r2 = 0.47 and p-value < 0.01] (Figure 5.10. F).
The estimations of EP fluxes at 1000 m depth (EP F1000) ranged from 2.1 to
23.7 mg C m-2 d-1 with an average of 7.1 mg C m-2 d-1 or from 3.2 to 34.9 mg C m-2
d-1 with an average of 10.5 mg C m-2 d-1, depending on the conversion factors
used (Table 5.4.). EP transfer efficiencies from mesopelagic to waters > 1000 m
(EP TEmeso-deep) ranged from 46 to 201% with an average of 87% (Table 5.4.). The
highest estimations for EP F1000 were observed in the Northeast Atlantic Ocean,
while the highest values for EP TEmeso-deep were found in the Western
Mediterranean (Figure 5.11. A and B, respectively). The EP %POC1000m was very
uniform at 1000 m depth (Figure 5.11. C). Unlike the mesopelagic zone, depthintegrated EP concentrations in the deep zone were not dependent on the fluxes
at 1000 m (EP F1000; Figure 5.11. D), or on the transfer efficiency at this depth (EP
TEmeso-deep; Figure 5.11. E).
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Table 5. 4. Average and range (in brackets) of the fluxes of exopolymer particles (EP) at 200 m and 1000 m (EP F200 and EP F1000); the transfer efficiencies
(TE) of exopolymer particles (EP) from epipelagic to mesopelagic waters (EP TEepi-meso), from mesopelagic to deep waters > 1000 m depth (EP TEmeso-deep) and
the contribution of EP to POC fluxes (EP %POC flux) at 200 m and 1000 m. The conversion factors 0.51 and 0.75 µg C per µg XG eq were used to convert
EP in xanthan equivalent into carbon units.
EP F200 (mg C m-2 d-1)
0.51
0.75
Global
Eastern Med.
Western Med.
Northeast At.

31.1 (11.0-137.6)
15.0 (11.0-25.0)
46.1 (22.9-137.6)
39.8 (28.6-67.1)

45.7 (16.2-202.3)
22.1 (16.2-36.8)
67.7 (33.8-202.3)
58.5 (42.0-98.7)

EP TE
epi-meso

46 (24-125)
39 (24-55)
52 (25-125)
55 (35-81)

EP %POC200m (%)
0.51
0.75
29 (26-30)
30 (29-30)
28 (26-29)
28 (27-29)

42 (39-44)
44 (42-44)
41 (39-43)
42 (40.42)

EP F1000 (mg C m-2 d-1)
0.51
0.75
7.1 (2.1-23.7)
2.9 (2.1-4.9)
9.3 (5.6-16.2)
14.1 (10.1-23.7)

10.5 (3.2-34.9)
4.3 (3.2-7.2)
13.7 (8.3-23.8)
20.7 (14.9-34.9)

EP TE
meso-deep

87 (46-201)
78 (48-137)
106 (48-201)
71 (46-111)

EP %POC1000m (%)
0.51
0.75
31 (29-33)
32 (31-33)
30 (30-31)
30 (29-30)

46 (43-48)
48 (46-48)
45 (43-46)
44 (43-45)
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Figure 5. 10. Distribution along the Hotmix cruise track of the fluxes of exopolymer particles
(EP) at 200 m (EP F200) (A), EP transfer efficiencies from epipelagic to mesopelagic waters (EP
TEepi-meso) (B) and EP contribution to POC fluxes at 200 m (EP %POC200m) (C). Log-log
relationships between depth-integrated EP in the mesopelagic waters and EP fluxes at 200 m (D),
EP transfer efficiency from epipelagic to mesopelagic waters (E) and EP contribution to POC
fluxes at 200 m (F). EP F200 and depth integrated EP concentrations are calculated using the
conversion factor of 0.75 µg C per µg XG eq.
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Figure 5. 11. Distribution along the Hotmix cruise track of the fluxes of exopolymer particles
(EP) at 1000 m (EP F1000) (A), EP transfer efficiencies from mesopelagic to deep (> 1000 m)
waters (EP TEmeso-deep) (B) and EP contribution to POC fluxes at 1000 m (EP %POC1000m) (C).
Log-log relationships between depth-integrated EP in the deep waters and the estimated EP fluxes
at 1000 m (D), EP transfer efficiency from mesopelagic to deep waters (E) and EP contribution to
POC fluxes at 1000 m (F). EP F1000 and depth integrated EP concentrations are calculated using
the conversion factor of 0.75 µg C per µg XG eq.
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5.5. Discussion
We observed very consistent vertical profiles from the surface to the
seafloor along the Eastern-Western transect in the Mediterranean sea with higher
exopolymer particles (EP) concentrations in the first meters of the water column
with maxima just above the DCM depths, and low and very uniform values from
200 m to the bottom (Figures 5.2. and 5.3.). Stations close to the Strait of Gibraltar
exhibited the highest EP concentrations both in the surface and deep waters
(Figure 5.3.). EP concentrations in the surface waters appeared to be determined
by primary producers and heterotrophic prokaryotes. Primary production, the
ratio chlorophyll-a to pheopigments and, particularly, the picoeukaryote
populations explained nearly 40 % of the EP variance depending on the different
basins (Table 5.2.). Heterotrophic prokaryotes also affected significantly EP
concentrations. Indeed, consistent (similar slopes among basins) and significant
relationships between EP concentrations and heterotrophic prokaryotes were
observed both in volumetric terms and depth-integrated (Table 5.2. and Figure
5.7.). The depth-integrated EP distribution showed a similar pattern to the
surface EP distribution (Figure 5.4.) suggesting that the downward flux was a
significant via of EP exports into the deep waters, especially important in the
region of the Strait of Gibraltar. In addition, the robust relationships between the
EP concentration and depth-integrated prokaryotic heterotrophic abundance
(PHA) in the deep waters and, particularly, in the Levantine intermediate waters
suggests a predominant particle-attached lifestily in the deep waters. In addition,
the in situ EP production in deep waters could explain the values of EP transfer
efficiency higher than 100 % between the mesopelagic and the deep waters found
in this study (Figure 5.11. B).
5.5.1. Exopolymer particles in surface waters
The range of EP concentrations (5.3 - 81.7 µg XG eq l-1) obtained in this
study was comparable to the values reported in a similar survey carried out by
Ortega-Retuerta et al. (2010) in surface waters of the Mediterranean Sea, in the
region of the Strait of Gibraltar (Prieto et al., 2006), at higher latitudes in the
Northeast Atlantic Ocean (Engel, 2004; Harlay et al., 2009; Leblanc et al., 2009) in
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the oligotrophic western North Pacific Ocean (Kodama et al., 2014), and in the
Southern Ocean (Ortega-Retuerta et al., 2009). In contrast, higher epipelagic EP
concentrations were reported in other studies conducted in the waters of the
Strait of Gibraltar (Garcia et al., 2002), in the ultraoligotrophic eastern
Mediterranean basin (Bar-Zeev et al., 2011) and in the Arctic Ocean (Wurl et al.,
2011).
The EP profiles in the surface waters of our study showed EP maxima
normally above the DCM depths, and particularly at subsurface depths. Several
studies in open waters observed similar vertical profiles during the stratification
period (Ortega-Retuerta et al., 2010; Prieto et al., 2006; Bar-Zeev et al., 2011; Wurl
et al., 2011; Kodama et al., 2014; Mazuecos et al., Chapter 2). These previous
studies and our observation thus establish that this vertical pattern is very
common at least during thermal stratification.
EP concentrations at epipelagic depths appeared to be mostly related to
both phytoplankton production and heterotrophic prokaryotes. Previous works
reported that primary production, the photosynthetic production of dissolved
and particulate organic carbon, was higher in the upper layer of the epipelagic
waters and in the Western Mediterranean basin than in deeper layers below the
DCM and in the Eastern Mediterranean basin (Moutin et al., 2002; LópezSandoval et al., 2011). Similarly to our results, Radic et al. (2005) observed that EP
distribution could be explained by the ratio chlorophyll-a to pheopigments,
which is a valuable indicator of the physiological status of the algal community.
The higher the ratio, the higher the EP concentration was. The intense incident
radiation and the low-nutrient conditions of phytoplankton in the surface waters
of the Mediterranean Sea may also have affected the release of dissolved
precursors, and consequently, EP production (Beauvais et al., 2003; BermanFrank et al., 2007; Claquin et al., 2008). In fact, our study showed that EP
concentrations were high in the upper layer of the epipelagic zone, commonly
above the DCM depths, where the levels of inorganic nutrients were very low.
The EP distribution in the epipelagic waters showed high depthintegrated EP concentrations at stations with shallower DCM depths, normally in
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the WM and NEA basins. Prieto et al. (2006) already observed that maximum EP
concentrations were associated to regions such as upwellings or fronts with
favorable growing conditions for the algal community, where inorganic nutrients
input into the photic zone was higher, presenting shallower DCM depths. This
phenomenon can thus have affected the net EP accumulation in the epipelagic
waters since in regions with high algal biomass, they could exudate more
dissolved precursors promoting more EP formation.
In relation to the phytoplankton groups, there were not consistent
relationships between EP concentrations and specific phytoplankton groups in
the epipelagic waters of all the basins (Table 5.2.), although significant
regressions, with depth-integrated values and in volumetric terms, were
obtained for picoeukaryotes. It is likely that picoeukaryotes could release
signficant quantities of dissolved organic precursors in the oligotrophic open
ocean (Malinsky-Rushansky and Legrand, 1996) and, then, these precursors
would aggregate abiotically producing EP (Arrigo et al., 2007). In fact, Lønborg et
al. (2013) experimentally obtained a high EP production from Micromonas pusilla,
a picoeukaryotic phytoplankter widely distributed in marine waters.
On the other hand, directly or indirectly through the use of phytoplankton
exudates, heterotrophic prokaryotes were positive and significantly related to the
EP pool, particularly in the Western Mediterranean Sea and North Eastern
Atlantic basins (Table 5.2.). Previous studies already highlighted that the EP pool
in the surface Mediterranean Sea is highly depended on the prokaryotic
assemblages (Radic et al., 2003; Ortega-Retuerta et al., 2010; Bar-Zeev et al., 2011).
Indeed, the log-log slopes between EP concentrations and PHA (Table 5.2.)
obtained in our study are statistically similar to the slope of 0.48 ± 0.10 found by
Ortega-Retuerta et al. (2010). The low explained variances found in this study,
however, suggest that other abiotic processes such as turbulence (Pedrotti et al.,
2010) or spontaneous assembly (Chin et al., 1998) are likely involved in EP
production and storage.
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5.5.2. Exopolymer particles in Levantine Intermediate and deep waters
The significant and robust correlations found among the depth-integrated
EP values in the epipelagic and mesopelagic waters and deep waters (Figure 5.4.)
indicate that, to some extent, there is a high EP proportion in waters below 200 m
depth derived from the downward flux of epipelagic waters.
In the deep waters, EP concentrations were very uniform usually below 35
µg XG eq l-1. Only a few studies have reported EP concentrations in the deep (>
200 m depth) Mediterranean Sea, sampling the mesopelagic waters in the Strait
of Gibraltar (Prieto et al., 2006), the Eastern Mediterranean (Bar-Zeev et al., 2011)
and the Northwest Mediterranean (Weinbauer et al., 2013). Only Bar-Zeev et al.
(2011) in the Eastern basin observed higher values than the EP range obtained in
this study.
EP concentration in the deep waters was predicted by PHA, with depthintegrated data and in volumetric terms, particularly in the Levantine
intermediate waters (Table 5.3. and Figure 5.8.). This indicates that heterotrophic
prokaryotes in the deep sea might be adapted to a particle-attached lifestyle
(Lauro and Bartlett, 2008; Herndl and Reinthaler, 2013). In fact, Weinbauer et al.
(2013) in the twilight zone of the Northwestern Mediterranean sea also observed
significant

relationships

between

heterotrophic

prokaryotes

and

EP

concentrations. Although conditions in the deep waters are less favorable than in
the epipelagic zone, prokaryotes in the deep waters may also release gelforming polysaccharides generating suspended exopolymeric aggregates (BarZeev et al., 2012; Mazuecos et al., Chapter 3 and Chapter 6).
Other processes such as, for instance, the abiotic aggregation and lateral
transport could also introduce EP into the deep Mediterranean Sea (Martin et al.,
2011; Bar-Zeev et al., 2011; Gogou et al., 2014). However, it is little probable that
abiotic aggregation, that is an exopolymer-density dependent process (Verdugo
et al., 2008; Burd and Jackson, 2009; Verdugo, 2012), originates great quantities of
EP below 200 m depth since EP precursor are likely scant below 100 m depth.
Mineralization of a high fraction of the particulate matter pool would
explain the severe decrease of EP during this transit towards the deep waters
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(Buesseler et al., 2007). In our study, we calculated, on average, about 46 %
transfer efficiency (from epipelagic to mesopelagic waters) of EP in the flux
attenuation zone. Despite the limitations related to the used of satellite derived
primary production and the attenuation flux coefficients in the functions that
predict EP remineralization with depth, our estimated downward EP fluxes are
reasonable predictions, similar to those observed in other ocean basins
(Yokokawa et al., 2013; Mazuecos et al., Chapter 2). Our estimations are
comparable to the measured EP fluxes at different intermediate depths reported
in other oceanic regions by Passow (2002) (from 7 to 70 mg C m-2 d-1), Ramaiah et
al. (2005) (from 29 to 62 mg C m-2 d-1), Waite et al. (2005) (up to 25 mg C m-2 d-1),
Reigstad and Wassmann (2007) (up to 390 mg C m-2 d-1), Martin et al. (2011)
(from undetectable to 120 mg C m-2 d-1) or Mazuecos et al. (Chapter 2) for the
global ocean. We detected the highest EP fluxes in the region of the Strait of
Gibraltar suggesting that EP export, and therefore, POC export to deep waters is
very significant in this dynamic region.
The estimated EP fluxes at 200 m depth (EP F200) significantly predicted
the depth-integrated EP concentrations in the mesopelagic waters (Figure 5.10D).
By contrast, the estimated EP fluxes at 1000 m (EP F1000) did not predict the in situ
depth-integrated EP concentrations in the deep waters (Figure 5.11D). This fact
and the elevated transfer efficiencies (punctually > 100 %) from mesopelagic to
deep waters suggest that other alternative sources would introduce EP into the
deep Mediterranean Sea. Lateral EP inputs at different depths, caused by the
proximity of continental margins and boundary currents in this semi-enclosed
sea (Gogou et al., 2014), and de novo EP synthesis by heterotrophic prokaryotes
(Mazuecos et al., Chapter 3 and Chapter 6) would mostly explain this imbalance
found in our study for the deep waters. The absence of relationship might also be
produced by intermittent downward fluxes caused by the dynamics of the
pynocline. Martin and Miquel (2010), in the Northwest Mediterranean Sea,
observed an intense downward flux of mucilaginous aggregates after a strong
stratification period. This flux was preceded by a very sharp increase of sea
surface temperature accumulating high quantities of EP-enriched aggregates
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over the pycnocline, and when the stratification was broken by a storm, there
was a massive downward flux of these mucous particles to the deep waters. This
process might thus be repetitive in the stations sampled in our study and the
downward EP flux would occur when the pycnocline relaxed (as in mixing
periods).
Assuming constant rates over the year and with the most conservative
conversion factor (0.51 μg C per μg XG eq), the annual global rates of EP F200 and
EP F1000 in our study would be lower in the EM basin (on average, 5.5 and 1.1 g C
m-2 yr-1, respectively) than in the WM basin (16.8 and 3.4 g C m-2 yr-1,
respectively) or in the NEA Ocean (14.5 and 5.1 g C m-2 yr-1, respectively).
Similarly, Gogou et al. (2014) observed approximately one order of magnitude
lower POC fluxes in the EM basin than in the WM basin. The differences of EP
fluxes among ocean basins may be attributed to the contrasting planktonic
community structure in the ocean basins. Planktonic communities dominated by
picoautotrophs, as in the ultraoligotrohic EM basin, would not be subjected to
direct sedimentation, and grazing by nano- and microozooplankton or organic
matter mineralization by heterotrophic organisms in the microbial food web,
would ultimately retain carbon in surface layers (Boyd and Trull, 2007; Buesseler
and Boyd, 2009).
Other environmental parameters, such as water temperature in the
attenuation flux zone, would affect the downward EP fluxes decreasing them in
the warmer stations (Martín-Cuadrado et al., 2007; Marsay et al., 2015; Mazuecos
et al., 2015). We observed that warmer stations (considering the median
temperature in the upper 200 m and 1000 m) were located in the EM basin and
inverse correlations between downward EP fluxes (EP F200 and F1000) and median
temperatures were observed (Figure 5.12.). This suggests that the EP downward
transit would be greater in colder stations of the WM basin and NEA Ocean than
in the EM basin.
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Figure 5. 12. Log-log scatterplot between (A) median temperature in the upper 200 m depth and
fluxes of exopolymer particles at 200 m depth (EP F200), solid line correspond to the significant
regression excluding stations (stn) 24 and 29 (asterisks): EP F200 = -14.34 (± 3.86) Temperature
+ 288.53 (± 64.20); N = 27, r2 = 0.36 and p-value < 0.01; and between (B) median temperature
in the upper 1000 m depth and fluxes of exopolymer particles at 1000 m depth (EP F1000): EP
F1000 = -9.29 (± 1.83) Temperature + 159.13 (± 28.64); N = 26, r2 = 0.52 and p-value < 0.0001.
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Finally, our estimations (using the most conservative conversion factor of
0.51) led to an overall EP contribution of, on average, ~30 % to the POC fluxes at
200 and 1000 m depths (Table 5.4.), which is in accordance with the overall
estimation of 30 % in relation to the total POC flux predicted by Passow et al.
(2002) and the percentages (on average, ~22% at 200 m depth and ~39% at 1000
m) reported by Mazuecos et al (Chapter 2) for the global ocean.
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High heterotrophic production of
exopolymer particles in the Levantine
Intermediate Waters of the
Mediterranean Sea

Abbreviated title: Prokaryotic EP production in the Mediterranean Sea
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6.1. Abstract
Heterotrophic prokaryotes are known to have a relevant role in
exopolymer particle (EP) formation, as promoters of recurrent mucilage events,
particularly in the Mediterranean Sea. We experimentally tested the influence of
inorganic and organic nutrients on EP prokaryotic production using seawater
from different depths obtained from the Western (WM) and Eastern
Mediterranean (EM) basins. A total of four experiments were performed, one
with surface waters of the EM (EM-SW), two experiments with Levantine
Intermediate Waters (LIW): one in the EM basin (EM-LIW) and another in the
WM basin (WM-LIW), and another one with deep waters of the WM (WM-DW).
Each experiment included a control, without nutrient additions, and treatments
with organic (glucose) and/or inorganic (phosphorous and nitrogen) nutrient
additions. The EP production rates in the EM-SW experiment ranged from 7.7 to
48.9 µg XG eq. L-1 day-1 and between 0.7 and 56.2 µg XG eq. L-1 day-1 in the WMDW experiment, yet the highest values were measured in the LIW experiments,
varying from 16.4 to 177.6 µg XG eq. L-1 day-1 in the EM-LIW experiment and
from 122.7 to 232.2 µg XG eq. L-1 day-1 in the WM-LIW. In general, EP production
was higher in treatments with nutrient additions, particularly with glucose
addition, except in the WM-LIW experiment. These experiments suggest that the
bioavailability of nutrients, particularly highly labile organic substrates, regulates
prokaryotic EP production in the environment. The in situ EP production was
estimated using the experimental rates and the in situ heterotrophic prokaryotic
abundance. These in situ rates were consistently higher in the WM basin than in
the EM basin leading to shorter EP residence times. It is noteworthy that the
residence times calculated for the LIW (between 230 and 240 days) were the
shortest values indicating that the EP pool in this layer is highly dynamic.
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6.2. Introduction
Heterotrophic prokaryotes release extracellular polymers during their
growth, producing mucous capsules (Decho et al., 1990), and modify the
stickness properties of the organic matter in the environment (Rochelle-Newall et
al., 2010; Van Oostende et al., 2013), contributing to POM formation. In the POM
pool, exopolymer particles (EP) are a class of mucous POM generated by
autotrophic and heterotrophic microorganisms, actively involved in aggregation
processes (Passow, 2002). EP provide the interstitial matrix for formation of
larger ballasted-aggregates (known as “marine snow”) that fuel carbon export to
the seafloor (De La Rocha and Passow, 2007; Passow and Carlson, 2012).
Environmental parameters, such as nutrient availability, affect the
structure and growth of heterotrophic prokaryotic assemblages (Church, 2008),
which in turn determine the contribution of prokaryotes to POM, including EP,
formation. In surface waters, inorganic nutrient limitation might result in
enhanced EP accumulation since autotrophic and heterotrophic planktonic
communities are both affected. It is known that algal secretion of fresh exudates
increases under nutrient limitation or light stress (Berman-Frank and Dubinsky,
1999; Corzo et al., 2000; Pedrotti et al., 2010). In addition, the availability of fresh
exudates for heterotrophic microbial growth can promote the persistence of the
EP pool either modifying the stickness properties of the algal exudates (RochelleNewall et al., 2010; Van Oostende et al., 2013) or reducing the efficiency of
organic matter decomposition, including that of the particulate material, which is
observed under inorganic nutrient limitation (Obernosterer and Herndl, 1995; del
Giorgio and Cole, 1998; Zoppini et al., 1998; Kritzberg et al., 2010). In contrast to
surface waters, there is no information on the role of heterotrophic prokaryotes
on EP formation in the dark ocean (Mazuecos et al. Chapters 2 and 5). The deep
waters are enriched in inorganic nutrients but the microbial metabolism is highly
dependent on the downward flux of organic carbon from surface waters
(Arístegui et al., 2009). Mesopelagic prokaryotes (living between 200 and 1000 m
depth) are apparently well adapted to a particle-attached lifestyle (Baltar et al.,
2009; Herndl and Reinthaler, 2013). As for planktonic communities in surface or
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coastal waters, changes in element stoichiometry (Radic et al., 2006; Engel et al.,
2015) or the nature of the available organic matter (Ogawa et al., 2001; Koch et al.,
2014) are known to affect the prokaryotic production of POM and EP, but a clear
model of how this is regulated has not been presented. Therefore, it is necessary
to understand the regulating mechanisms that govern prokaryotic generation of
EP, both in surface and deep waters, due to their potential role in the formation
of large aggregates that could act as hotspots of microbial activity (Azam 1998).
Prokaryotic assemblages in surface waters of the Mediterranean Sea have
been reported to play a significant role in EP production and dynamics (Radic et
al., 2003; Ortega-Retuerta et al., 2010; Bar-Zeev et al., 2011). The massive
formation of large aggregates (known as mucilage events), which are preceded by
high EP concentrations, is an increasingly common phenomenon in the
Mediterranean Sea (Radic et al., 2005; Danovaro et al., 2009; Giani et al., 2012).
Although the large scale formation of aggregates is not well understood, changes
from east to west in the Levantine intermediate waters could influence the
aggregate production (Innamorati et al., 2001; Moutin and Raimbault, 2002)
because of the contrasting inorganic nutrient content in the surface waters of the
basins that could enhance aggregates formation, including EP.
With the objective of understanding the underlying mechanisms in the
formation of gelatinous aggregates in the Mediterranean Sea, we performed
experiments to assess the effects of additions of inorganic nutrients (nitrogen and
phosphorous) and labile organic carbon (glucose) on prokaryotic EP production
in different water masses at different depths in the well-contrasted eastern and
western Mediterranean basins.
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6.3. Material and methods
6.3.1. Study area and sampling
Sampling was carried out along the Mediterranean Sea on board of R/V
Sarmiento de Gamboa in the framework of the Hotmix project. Water samples were
collected at different depths and sampling stations were located in the open
waters of the Eastern (EM) and Western Mediterranean (WM) basins (Figure 6.1.
and Table 6.1.). Data on environmental conditions at the time of sampling are
reported in Table 6.1. We used a rosette sampler with 24 Niskin bottles (12 l)
coupled to a conductivity and temperature–pressure (CTD) probe (Seabird
SBE911).

Figure 6. 1. Location of the stations where water was collected for the experiments. The
nomenclature of every sampling station is given in the Table 6.1.

6.3.2. Experimental set-up
The effects of organic or inorganic nutrient additions on production of
exopolymeric particles (EP) by heterotrophic prokaryotes were measured using
re-growth cultures. A total of four experiments were performed and incubated
using 2L Nalgene bottles, for 6 days, in a temperature-controlled chamber under
in situ temperature and in the dark. All used material was acid-washed and
rinsed with ultrapure water prior to its use.
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Water samples were pre-filtered through 1 µm filters (using 0.1N HCl prewashed Preflow capsule filters, Pall Corporation), to remove large particles and
grazers, and were used as inoculum of natural microbial populations. Then, the
water samples were subsequently filtered by 0.2 µm (using sterile Whatman
Polycap cartridge filters). These fractions were mixed, and homogenized, with
75% of 0.2 µm filtered seawater + 25% of microbial inocula.
The effects of nutrient addition were monitored after the addition of
solutions of labile organic carbon, D-glucose (Sigma; 150 µM final concentration),
and/or inorganic nutrients, NH4Cl and KH2PO4 (Sigma; 6.2 and 0.1 µM final
concentration, respectively). The initial experiment WM-DW consisted of two
treatments in triplicate: no nutrient additions (control) and glucose + inorganic
nutrient additions (+GPN treatment). The other three experiments (EM-SW, EMLIW and WM-LIW) consisted of three treatments in triplicate: no nutrient
additions (control), with glucose addition (+Glucose treatment), with inorganic
nutrient additions (+PN treatment).
Heterotrophic prokaryotic abundance (PHA) and production (PHP) were
monitored during the course of the experiments. The concentration of
exopolymer particles (EP), dissolved inorganic nutrients, dissolved and
particulate organic carbon were determined at the onset and end of the
experiments.
6.3.3. Biological and chemical analyses
6.3.3.1. Determination of exopolymeric particles
EP concentrations were measured by using the colorimetric alcian blue
method (Passow and Alldredge, 1995). Three or four replicate samples (25 - 500
ml) were gently filtered through 0.4 µm polycarbonate filters. EP retained on the
filters were stained (fully covered) with 0.5 ml of a 0.02% solution of alcian Blue
(Sigma) in 0.06% acetic acid (pH 2.5) and frozen at -80ºC until analysis. Three or
four blanks (with ultrapure water) were also performed in each batch of samples
(stained and frozen in parallel). The alcian blue was extracted, from the unfrozen
filters, adding 5 ml of 80% sulfuric acid for 2 – 3 hours and absorbance was read
at 787 nm in 1 cm path disposable polystyrene cuvettes against ultrapure water
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as blank. EP concentration is expressed as micrograms of xanthan gum
equivalents per liter (µg XG eq l-1) after performing a calibration curve with
increasing volumes of a xanthan gum (XG) solution (25 mg l-1). The coefficient of
variation of replicates was, on average, 17%.
6.3.3.2. Total Dissolved Nitrogen and Phosphorous
Samples for total dissolved nitrogen (TDN) and phosphorous (TDP) were
initially pre-filtered through 0.4 µm polycarbonate filters (Sartorius) and stored
in 250 ml sterile polypropylene bottles at -20 ºC until analysis. Concentrations (in
µmol L-1) of TDN and TDP were determined after oxidation (120 ºC and 30 min.)
with potassium persulfate as reported by Valderrama (1981), in which all
chemical forms of nitrogen and phosphorous are hydrolyzed to inorganic
compounds (nitrate and orthophosphate, respectively). TDP was analyzed
according to the modified method of Murphy and Riley (1962). Under alkaline
conditions, the mixed reagent (composed of sulphuric acid, ammonium
molybdate, ascorbic acid and potassium antymonil tartrate) is added and
absorbance read at 885 nm. Dilutions (from 0.01 to 0.5 mg L-1) of a phosphate
standard solution (KH2PO4, 1000 mg L-1) were used as a calibration standard.
TDN was analyzed by the ultraviolet spectrophotometric method proposed by
Rice et al. (2012), reading the absorbance at 220 nm and corrected at 275 nm.
Dilutions (0.1-2.5 mg L-1) of a standard solution of potassium nitrate (KNO3, 1000
mg L-1) were also used for calibration. All material used in the nutrient analysis
was acid-washed and rinsed previously. The limits of detection (twice the
standard deviation of the blanks) were 0.1 µM for TDN and 0.02 µM for TDP.
6.3.3.3. Organic carbon
TOC and DOC (previously filtered by 0.4 µm) samples were collected into
pre-combusted glass bottles, acidified with phosphoric acid (final pH < 2), sealed
and stored at 4ºC until analysis. These samples were analyzed by hightemperature catalytic oxidation on a Shimadzu TOC-V CSH total organic carbon
analyzer. Standards of potassium hydrogen phthalate (with concentrations from
10 to 100 µM) were used in each batch of samples to assess the accuracy of the
measurements and determine the DOC concentrations. Particulate organic
217

carbon (POC) was determined by the difference between TOC and DOC
measurements.
6.3.3.4. Prokaryotic heterotrophic abundance and production
Prokaryotic heterotrophic abundance (PHA) and production (PHP) were
directly determined collecting an aliquot from the Niskin bottles or at different
times during the incubation experiments.
PHA was measured by flow cytometry (Gasol and del Giorgio, 2000). 1.5
ml aliquots were fixed with 1% of paraformaldehyde + 0.05 % glutaraldehyde,
deep-frozen in liquid nitrogen and stored at -80 ºC until analysis. Samples were
stained with SybrGreen I and run through a FACSCalibur cytometer fitted with a
laser emitting at 488 nm. Cells were enumerated in a bivariate plot of 90° light
scatter and green fluorescence. Molecular Probes latex beads (1 µm) were used as
internal standards. Prokaryotic biomass (PB; mg m-3) was calculated by
transforming relative light side scatter (SSC) to cell diameter, using the linear
regression model of Calvo-Díaz and Morán (2006) after staining the samples with
SybrGreen I. A spherical shape was assumed to derive cellular volumes, which
were later converted to biomass with the allometric equation of Gundersen et al.
(2002). The net specific growth rate (SGR, day-1) was calculated as Ln
(PBTf/PBT0)/Tf, where Tf and T0 are final and initial incubation times (days),
respectively.
PHP rates were measured by 3H-Leucine (specific activities = 112 Ci
mmol-1) incorporation into proteins (Kirchman et al., 1985) and using the
microcentrifugation protocol proposed by Smith and Azam (1992). Three
replicates (1.2 ml) and two trichloroacetic acid (TCA)-killed blanks in
microcentrifuge tubes were added L-[4, 5-3H] leucine at 20 nM. Samples and
blanks were incubated (for 3 to 15 h) at in situ temperatures. Incubations were
stopped by adding 50% TCA. Subsequently, the samples were centrifuged twice
(10 min. and 14000 r.p.m.) and rinsed with 5% TCA. Scintillation cocktail (1 ml
Optisafe HiSafe) was added, and after 24 h, the samples were counted in a liquid
scintillation counter. Leucine incorporation rates (pmol Leu l-1 h-1) were
converted into carbon (µg C l-1 d-1) by using a theoretical factor of 1.55 kg C mol
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Leu-1 (Simon and Azam, 1989), assuming that isotope dilution was negligible
under this saturating concentration of 20 nM of 3H‐Leucine.
6.3.4. Data analysis
PHP rates were integrated (PHPint) during the experiments from the initial
to the final time and expressed as µg C L-1 day-1. Daily rates of change for EP
(ΔEP), DOC (∆DOC), POC (∆POC) and PHA (∆PHA) were calculated using the
expression:
∆x = (Xtf – Xt0) / t
where Xtf and Xt0 are the variables at final (tf) and initial times (t0),
respectively, and t (tf – t0) is the elapsed time in days.
The efficiency with which heterotrophic prokaryotes convert DOC into
POC (EDOC→POC), assuming that all POC generated in experiments is exclusively
derived from prokaryotic growth, was estimated as
EDOC→POC (%) = [∆POC / (∆POC - ∆DOC)] x 100
where ΔPOC is the POC generated at the end of the experiments and
∆DOC is the total DOC consumed.
We explored the relationship between the daily increase rate of EP (∆EP)
and the other variables with regression analysis. All variables were logtransformed to fit the required assumptions of normality and homocedasticity.
The slopes of the regressions between ∆EP and ∆PHA gave experimental
estimates of intrinsic EP production rates (i.e. the quantity of EP produced per
day normalized by PHA). We used these experimental EP production rates to
calculate in situ EP production rates by heterotrophic prokaryotes using the PHA
data obtained in the natural environment. The EP residence time (days) was
estimated by dividing the in situ EP concentration by the in situ EP production
rate.
Differences among treatments and incubation times were tested with
Tukey HSD tests with significance set at a p-value < 0.05. Statistical analyses
were performed using Statistica 6.0 (StatSoft Inc., 1997).
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6.4. Results
6.4.1. Changes in the heterotrophic prokaryotes in the experiments
The Table 6.1. shows the initial values (T0) of PHA and PHP, which were,
on average, 34% lower than most of the in situ values (except for PHP T0 of the
EM-LIW experiment) because of the initial filtration + dilution.
Table 6. 1. Sample information, in situ environmental conditions of the water samples and
prokaryotic parameters and nutrients at the onset of the time-series experiments (T0). The
acronym “SW” corresponds to experiments performed with surface waters, the acronym “LIW”
corresponds to Levantine intermediate waters and “DW” corresponds to experiments performed
with deep waters (below the LIW depths). Standard deviation in brackets.

Sampling data
Ocean basin
Latitude
Longitude
Date (day/month/year)
Sampling depth (m)

Western Mediterranean (WM)
40.7ºN
38.6ºN
2.9ºE
7.0ºE
02/10/2013
17/05/2014
2000
400

Eastern Mediterranean (EM)
34.1ºN
34.1ºN
23.2ºE
27.2ºE
04/05/2014
02/05/2014
90
200

Parameters in situ1
Temperature (ºC)
Salinity
[O2] (µmol kg-1)
Chl a (µg l-1)
Phosphate (µM)
Nitrate (µM)
EP (µg eq XG L-1)
PHA (x 105 cell ml–1)
PHP (ng C l-1 h-1)

13.2
38.49
12.3
0.64
-

13.2
38.55
150
0.42
9.7
7.5
1.5
2.67

15.9
39.02
196
0.20
0.03
1.1
16.2
3.5
4.65

16.2
39.12
205
0.04
1.0
5.5
2.3
0.55

WM-DW

WM-LIW

EM-SW

EM-LIW

0.21(0.04)

0.41 (0.02)

1.57 (0.12)

0.63 (0.05)

Experimental data1
Experiment codes
5

–1

PHA T0 (x 10 cell ml )
-1

-1

PHP T0 (ng C l h )
1.24 (0.33)
1.36 (0.42)
Control
47 (7)
87 (10)
53 (3)
DOC T0
(µM) +Glucose/+CPN
165 (3)
398 (15)
202 (3)
Control
10.1 (0.2)
11.2 (0.4)
1.5 (0.1)
TDN T0
(µM)
+PN/+CPN
14.7 (0.6)
16.4 (1.0)
5.2 (0.5)
Control
0.40 (0.03)
0.36 (0.04)
0.04 (0)
TDP T0
(µM)
+PN/+CPN
0.49 (0.02)
0.42 (0.03)
0.10 (0.02)
1[O ] = dissolved oxygen concentration; Chl a = chlorophyll a concentration; EP =
2

2.47 (0.64)
46 (4)
154 (5)
1.1 (0.3)
5.7 (0.1)
0.06 (0.01)
0.13 (0.01)
exopolymer

particle concentration; PHA = heterotrophic prokaryotic abundance; PHP = prokaryotic
heterotrophic production; DOC = dissolved organic carbon; TDN = total dissolved nitrogen; TDP
= total dissolved phosphorous.
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In the WM-DW experiment, prokaryotic heterotrophic abundance (PHA)
increased ~3-fold in the control and ~212 fold in the +GPN treatment (Figure
6.2.). The increase in PHA (∆PHA) was from 0.59 x 107 cells L-1 day-1 in the
control treatment and 71.97 x 107 cells L-1 day-1 in +GPN treatment (Table 6.2.).
Similarly, the specific growth rate (SGR) was higher in the +GPN treatment than
in the controls (Table 6.2.).
Table 6. 2. Microbial parameters in the different experiments. Average, and
standard deviation (in brackets), of the daily increments in prokaryotic
heterotrophic abundance (∆PHA), the integrated heterotrophic prokaryotic
production (PHPint) and the specific growth rate (SGR).
Experiment
WM-DW
WM-LIW

EM-SW

EM-LIW

Treatment
Control
+GPN
Control
+Glucose
+PN
Control
+Glucose
+PN
Control
+Glucose
+PN

ΔPHA
(x 107 cells L-1 day-1)
0.59 (± 0.07)
71.97 (± 0.98)
57.05 (± 0.25)
36.88 (± 1.63)
32.65 (± 0.57)
3.43 (± 0.26)
9.39 (± 0.70)
5.73 (± 0.30)
9.81 (± 0.71)
9.13 (± 0.67)
7.90 (± 0.29)

PHPint
(µg C L-1 day-1)
14.14
18.06
21.42
8.97
16.22
13.13
8.71
9.68
12.33

SGR
(day-1)
0.13
0.84
0.71
0.64
0.62
0.17
0.29
0.23
0.69
0.70
0.66

In the WM-LIW experiments, PHA in all treatments increased
considerably after six days of incubation, although surprisingly (only after
incubation 6 days) more in the control treatments (~85-fold above the initial
PHA) than in the +Glucose and +PN treatments (~50-fold) (Figure 6.2.). ∆PHA
was > 50 x 107 cells L-1 day-1 in the control and around 35 x 107 cells L-1 day-1 in
the +Glucose and +PN treatments (Table 6.2.). Integrated PHP (PHPint) ranged
between 14.1 (in the control) and 21.4 µg C L-1 day-1 (in +PN treatment), while
SGR between 0.62 (in +PN treatment) and 0.71 day-1 (in control) (Table 6.2.).
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Figure 6. 2. Time evolution of prokaryotic heterotrophic abundance (PHA) and production
(PHP) for the experiments conducted with Levantine Intermediate Water (WM-LIW) and Deep
Water (WM-DW) in the Western Mediterranean Sea. Each value represents the average of
triplicates ± standard deviation (SD). When no error bars are shown, the SD is smaller than the
symbol. Circles: controls; Triangles: +Glucose treatments; Squares: +GNP treatment in the WMDW and +PN treatment in the WM-LIW.

In the EM-SW experiment, PHA increased in all the seawater cultures, but
more in +Glucose treatment (~ 5-fold above the initial values) than in the +PN
(~3-fold) and control treatments (two-fold) (Figure 6.3.). ∆PHA was 3.43 x 107
cells L-1 day-1 in control, 9.39 x 107 cells L-1 day-1 in +Glucose treatment and 5.73 x
107 cells L-1 day-1 in +PN treatment (Table 6.2.). PHP increased over time in both
treatments and reached the plateau after three days of incubation (Figure 6.3.).
PHPint and SGR were consistently higher in the +Glucose treatments than in the
+PN treatments and controls (Table 6.2.).
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Figure 6. 3. Time evolution of prokaryotic heterotrophic abundance (PHA) and production
(PHP) for the EM-SW and EM-LIW experiments. The information symbols and abbreviations
are given in detail in Figure 6.2. When no error bars are shown, the SD is smaller than the
symbol.

In the EM-LIW experiment, PHA increased also in all treatments, about 10fold above the initial values in the +Glucose and control treatments, but with a
slightly lower increase in the +PN treatment (9-fold) (Figure 6.3.). ∆PHA was > 9
x 107 cells L-1 day-1 in +Glucose and control treatments, while this increment for
+PN treatment was about 8 x 107 cells L-1 day-1 (Table 6.2.). PHP increased
progressively until the third day of incubation, and then, decreased at the end of
the incubations (Figure 6.3.). PHPint was more elevated in the +PN treatments
and SGR in the +Glucose treatments (Table 6.2.).
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6.4.2. Changes of organic matter and inorganic nutrients in the experiments
At the onset of the experiments, DOC was logically higher in the +Glucose
or +GPN (in case of the experiment WM-DW) treatments than in controls and
+PN treatments (Table 6.1.). Concentrations of total dissolved nitrogen (TDN)
and phosphorous (TDP) were as expected also higher in the +GNP or +PN
treatments than in control or +Glucose treatments (Table 6.1.).
At the end of the experiments, the variability of DOC and POC (∆DOC
and ∆POC) was normally higher in the +Glucose or +GPN treatments than in
controls and +PN treatments, with exception of POC in the experiment WM-LIW
(Table 6.3.). The prokaryotic efficiencies to convert DOC into POC (EDOC→POC) in
the + Glucose treatments were normally the smallest ones, although the addition
of inorganic and organic nutrients in the experiment WM-DW increased the
EDOC→POC (Table 6.3.). TDN and TDP concentrations decreased usually more in
the WM-LIW experiment, but there were no clear differences among treatments
(Table 6.3.).
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Table 6. 3. Average ± SD (in brackets) of the daily increments of dissolved organic carbon (∆DOC), particulate
organic carbon (∆POC) and exopolymer particles concentrations (∆EP). Changes of total dissolved nitrogen (∆TDN)
and total dissolved phosphorous (∆TDP). Prokaryotic efficiency to convert DOC into POC (EDOC→POC) is also
presented.
Experiment
WM-DW
WM-LIW

EM-SW

EM-LIW

Treatment
Control
+GNP
Control
+Glucose
+PN
Control
+Glucose
+PN
Control
+Glucose
+PN

ΔDOC (µmol
L-1 day-1)
0
-13 (± 3)
-6 (± 2)
-26 (± 5)
-8 (± 4)
-1 (± 0)
-9 (± 2)
-2 (± 1)
-2 (± 1)
-11 (± 4)
-2 (± 1)

ΔPOC (µmol
L-1 day-1)
4 (± 1)
7 (± 3)
5 (± 1)
5 (± 2)
<1
2 (± 1)
1 (± 0)
1 (± 0)
5 (± 3)
1 (± 2)

EDOC→POC
(%)
23
54
16
38
25
18
33
33
31
33

ΔTDN
(µmol L-1)
0
-0.7
-1.6
-0.8
-1.2
0.2
-0.5
-0.4
0.3
-0.4
-0.4

ΔTDP
(µmol L-1)
0
-0.5
-0.08
-0.10
-0.14
0
-0.04
-0.02
-0.06
-0.06
-0.09

ΔEP
(µg XG eq. L-1 day-1)
0.7 (± 0.1)
56.2 (± 15.2)
232.2 (± 14.6)
122.7 (± 34.7)
140.1 (± 7.4)
7.7 (± 3.0)
48.9 (± 10.7)
21.1 (± 1.4)
16.4 (± 5.0)
177.6 (± 19.1)
21.9 (± 11.7)
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The EP concentrations in the experiments carried out in the WM basin
increased consistently in all treatments (Figure 6.4.). However, the increment of EP
concentrations (∆EP) was different between control and treatments with nutrient
additions (+GPN, +PN and +Glucose). ∆EP in the experiment WM-DW increased
significantly in +GPN treatment relative to the control, but ∆EP in the experiment
WM-LIW EP production was lower in the treatment with addition of nutrients
(+Glucose or +PN than in the control treatment (Figure 6.4 and Table 6.3).
Interestingly, the cell-specific EP production in the WM-LIW experiment was not
significantly different among treatments, while in the WM-DW experiment the
cell-specific EP production in the +GPN treatment was significantly lower than the
EP production in the control treatment (Figure 6.4.).
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Figure 6. 4. Changes in EP concentrations (left) and cell-specific EP production (right) in the
experiments conducted with waters of the Western Mediterranean basin (WM-DW and WM-LIW).
Asterisks indicate statistically significant differences in comparison with the initial time in the EP
concentrations, and in comparison to the controls in the cell-specific EP production (Tukey HSD´s
test, p-value < 0.05).

EP concentrations in the experiments conducted in the EM basin (EM-SW
and EM-LIW) increased consistently at the end of the incubation time (Figure 6.5).
The highest values of EP production and cell-specific EP production were found in
the +Glucose treatments, followed by the +PN treatments and the lower values
corresponded to the control treatments (Figure 6.5. and Table 6.3.).
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Figure 6. 5. Changes in EP concentrations (left) and cell-specific EP production (right) in the
experiments conducted with waters of the Eastern Mediterranean basin (EM-SW and EM-LIW).
Asterisks indicate statistically significant differences comparing with the EP concentrations at the
initial time, and comparing with the control treatments in the cell-specific EP production (Tukey
HSD´s test, p-value < 0.05).

EP production rates (∆EP) were significant and positively related to
heterotrophic prokaryotic abundance ∆PHA [n = 11; r2 = 0.75 and p-value < 0.001;
Log10 ∆EP = 1.05 (± 0.20) Log10 ∆PHA -6.95 (± 1.63)] (Figure 6.6. A) and to the
specific growth rate (SGR) [n = 11; r2 = 0.60 and p-value < 0.01; Log10 ∆EP = 1.96 (±
0.53) Log10 SGR +2.24 (± 0.24)] (Figure 6.6. B), but there was not relationship with
PHPint (Figure 6.6. C).
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Figure 6. 6. Log-Log relationships between ∆EP and ∆PHA (A), SGR (B) and PHPint (C).
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We observed that ∆EP was positive and tightly correlated to ∆POC [n = 10;
r2 = 0.95 and p-value < 0.0001: ∆EP = 1.11 (± 0.09) ΔPOC + 1.33 (± 0.05)] (Figure
6.7.). However, there were not significant relationships with ∆DOC and EDOC→POC
(p-value > 0.05). In relation to the inorganic nutrients, TDN concentration was
inversely related to ∆EP [n = 11; r2 = 0.65 and p-value < 0.01: ∆EP = -111.3 (± 27.4)
∆TDN + 21.2 (± 20.2)] and there were not significant relationships with TDP, C:N
or N:P ratios.

Figure 6. 7. Log-Log relationship between ∆POC and ∆EP.
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6.4.3. The in situ EP production rates and the residence times
We used the in situ values of prokaryotic heterotrophic abundance to
calculate the in situ EP production using the regression model between ∆PHA and
∆EP obtained experimentally (Figure 6.6. A). The estimated in situ generation rates
in the WM basin were higher than these values in the EM basin, while the EP
residence times in the WM basin were consistently lower than those in the EM
basin (Table 6.4.). The residence times in the Levantine Intermediate Water in both
ocean basins were shorther than those estimated for the surface and deep layers.
Table 6. 4. Estimated in situ EP generation rates and residence times at the depth of the
experiments; calculated mean and ranges (in brackets) in the Eastern and Western Mediterranean
basins sampled in the surface waters (SW), Levantine intermediate waters (LIW) and deep waters
(DW; below the LIW).

Experiments
SW
LIW
DW
marine region
SW
LIW
DW

Western Mediterranean
in situ EP generation
rates
EP residence
(µg XG eq. L-1 day-1)
times (days)

Eastern Mediterranean
in situ EP generation
rates
EP residence
(µg XG eq. L-1 day-1)
times (days)

0.030
0.012

247
985

0.074
0.047
-

219
117
-

0.133 (0.063-0.247)
0.40 (0.19-0.080)
0.011 (0.005-0.026)

265 (126-704)
232 (56-743)
604 (54-1649)

0.068 (0.025-0.187)
0.030 (0.013-0.062)
0.008 (0.003-0.024)

401 (89-1001)
240 (81-506)
619 (116-2060)
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6.5. Discussion
Our study experimentally demonstrates that heterotrophic prokaryotes are
sources of EP not just in in the surface waters, but also in deeper water masses
such as the Levantine Intermediate Waters (LIW) and the Deep Mediterranean
Waters. Nutrient additions, mainly glucose, stimulated EP production in the
experiments performed in the Eastern Mediterranean (EM) basin (Figure 6.5.). This
stimulus was not observed in the Western Mediterranean (WM) basin, where EP
production was even lower under glucose additions. Interestingly, the EP pool in
the WM basin, and particularly in the LIW, exhibited relatively short residence
times suggesting a high prokaryotic EP production, although the removal
processes would also be elevated maintaining these low residence times.
6.5.1. EP production in the surface, Levantine intermediate and deep waters
In the LIW experiments, EP production in absolute terms (from 16.4 to 232.2
µg XG eq. L-1 day-1) was consistently higher than the rates obtained in the
experiments with SW (7.7-48.9 µg XG eq. L-1 day-1) or DW (0.7-56.2 µg XG eq. L-1
day-1). The rates in our study are within the range found in the literature, from
undetectable to 267 µg XG eq. L-1 day-1, in surface waters of the open
Mediterranean Sea (Ortega-Retuerta et al., 2010) or the coastal waters (Stoderegger
and Herndl, 1999; Prieto et al., 2002; Sugimoto et al., 2007). The higher rates are
also comparable to the rates observed for some algal groups (Sugimoto et al., 2007),
emphasizing the significant contribution of prokaryotes to the EP pool (Passow,
2002). In fact, in our study the ∆PHA was the best predictor of ∆EP (Figure 6.7. A).
Previous studies have also reported robust regressions between both parameters
(Sugimoto et al., 2007; Ortega-Retuerta et al., 2010). The higher the ∆PHA, the
higher the EP production was.
In relation to control treatments, the WM-LIW experiments showed the
highest EP absolute production values (232.2 ± 14.6 µg XG eq. L-1 day-1) and the
highest per cell EP production (68.4 ± 1.5 fg XG eq. cell-1 day-1), as well as the
highest efficiency of conversion of DOC into POC (54%) (Table 6.3.). This fact and a
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higher estimated in situ EP generation rates in the WM (Table 6.4.) emphasize that
prokaryotes (when growing in optimal conditions) can have a significant role in
the generation of the EP pool, and ultimately, in the proliferation of mucilage
events in the Mediterranean Sea (Innamorati et al., 2001).
However, the short EP residence times in the LIW, around 200 days, in
relation to the values estimated for the SW and DW layers (Table 6.4.) contrast
with the EP production role, being part of the semi-labile organic carbon fraction
(with residence times of months to years; Carlson, 2002). In other words, the EP
removal mechanisms must be very active since EP concentrations at LIW depths
are consistently low (Chapter 5). These EP residence times are more than an order
of magnitude higher than the values (0.8 - 17.5 days) obtained by Ortega-Retuerta
et al. (2010) in the surface waters of the Mediterranean Sea. However, the observed
in situ EP also come from other sources besides the heterotrophic prokaryotes, such
as the autotrophic plankton, and are exported vertically or horizontally, so very
likely, the EP pool in the different compartments of the Mediterranean Sea would
have shorter residence times than those we have estimated, which only consider
the heterotrophic prokaryotic role.
6.5.2. EP production promoted by nutrient additions
Environmental variability, such as temperature, solar radiation and nutrient
availability may differently affect prokaryotic EP production (Piontek et al., 2009;
Ortega-Retuerta et al. 2009; Koch et al., 2014). In this sense, the Mediterranean Sea
presents two basins (Eastern and Western Mediterranean) with well contrasted
environmental parameters (Pujo-Pay et al., 2011).
In the EM basin, with high phosphorous deficiency, the addition of glucose
resulted in high EP production per cell and in absolute terms (Table 6.3. and Figure
6.6.). Koch et al. (2014) in experimental additions of diverse organic sources
observed also the highest prokaryotic EP production when adding glucose. In a
phosphorus

limited

environment,

prokaryotes

hydrolyze

organic

matter

incompletely, leaving behind refractory polymers in excess (Obernosterer and
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Herndl, 1995; Azam et al., 1999), and a considerable fraction of these polymers may
become EP. This would explain that the highest cell-specific EP productions were
detected when glucose was added in the EM-LIW experiment. The addition of
inorganic nutrients also slightly increased prokaryotic EP production (Table 6.3.
and Figure 6.5.). The increase of phosphorous concentrations promoted microbial
growth leading a higher prokaryotic EP production (see Table 6.2.). Other possible
explanation might be that a departure of the N:P ratio, as it occurs in +PN
treatments, could trigger a high release of dissolved EP precursors by prokaryotes
(Radic et al., 2006). Bar-Zeev et al. (2011), in the mesopelagic zone of the Levantine
region (EM basin), also observed higher values of EP concentrations than observed
in other regions of the Mediterranean Sea (Prieto et al., 2006). Therefore,
heterotrophic prokaryotes in the ultraoligotrophic Eastern Mediterranean Sea
might be a significant source of EP, potentially affecting the aggregation processes
and efficiency of the carbon exports.
In the WM basin, without extreme phosphorus limitation, the addition of
nutrients resulted only in high prokaryotic EP production, relative to no-addition
controls, in the experiment WM-DW. The cell-specific EP production did not
increase significantly with nutrient additions, and even decreased in the
experiment WM-DW. A previous experimental work observed that the glucose
addition in regrowth prokaryotic cultures yielded higher EP production than in
the cultures with algal exudates (Koch et al., 2014). This would explain the
different prokaryotic EP production among treatments, particularly between
+Glucose and control treatments.
The lowest values in the efficiencies of prokaryotic transformation from
DOM to POM (Table 6.3.) were observed consistently in the treatments with
glucose additions. Koch et al. (2014) similarly detected a decrease in prokaryotic
growth efficiency when glucose was added to prokaryotic regrowth cultures. Our
results are in agreement with what has been observed when highly oxidized and
nitrogen-poor labile substrates (Vallino et al., 1996; del Giorgio and Cole, 1998).
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Low efficiencies of incorporation of DOM to the particulate phase are then
expected in extreme oligotrophic marine environments, as a result of the energy
cost of maintaining active transport systems and basic metabolic machinery (del
Giorgio and Cole, 1998). Additionally, we observed that these efficiencies slightly
increased (in relation to controls) in the EM-SW experiment when inorganic
nutrients were added (Table 6.3.). This fact indicates that inorganic nutrient also
controlled the prokaryotic efficiencies to convert DOM into POM (del Giorgio and
Cole, 1998).
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CONCLUSIONES
1. En el océano global, las concentraciones más elevadas de partículas
exopoliméricas las encontramos en las aguas superficiales, normalmente por
encima de la profundidad del máximo de clorofila, y a nivel regional en las
zonas de surgencias como la de Benguela, el Domo de Costa Rica, o las
divergencias ecuatoriales.
2. A escala global, entre las variables biológicas consideradas, la producción
primaria integrada fue la variable que explica una mayor parte de la varianza
en la concentración de partículas exopoliméricas en el océano superficial.
3. El patrón espacial global observado en el océano superficial se repite en el
océano mesopelágico y batipelágico, subrayando la importancia del flujo
descendente de partículas exopoliméricas en la distribución global de las
mismas. Este flujo descendente se estima que puede suponer entre un 25% y
un 40 % de las exportaciones de material orgánico particulado hacia el océano
profundo, contribuyendo significativamente con ello a la bomba biológica.
4. La eficiencia de transferencia de partículas exopoliméricas entre el océano
superficial y el mesopelágico está alrededor del 35% y entre éste y el
batipelágico en torno al 97%, superando puntualmente el 100%. Estas estimas
sugieren una elevada atenuación del transporte dentro de la zona
mesopelágica y sugieren la existencia de otras entradas de partículas
exopoliméricas, diferentes del flujo descendente mayoritariamente
fotosintético, en el océano profundo. De hecho, existe en la zona mesopelágica
una relación significativa entre la producción heterotrófica procariota
integrada y la concentración de partículas exopoliméricas integrada indicando
la existencia de síntesis de novo por parte de los procariotas heterotróficos.
5. La producción de partículas exopoliméricas por procariotas heterotróficos
ocurre tanto en las aguas superficiales (por encima de la profundidad de
exportación) como en las aguas profundas (por debajo de la profundidad de
secuestro de carbono). Las tasas de producción de partículas exopoliméricas en
términos absolutos fueron más elevadas en el océano superficial, mientras que
las tasas de producción específicas (por célula) fueron mayores en el océano
profundo a pesar de unas condiciones ambientales mucho más adversas (baja
temperatura y disponibilidad de recursos orgánicos). Las estimas del tiempo
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de residencia de las partículas exopoliméricas varía desde días en superficie a
años en profundidad.
6. La eliminación/disminución del efecto de los virus sobre los procariotas
heterotróficos produjo una mayor tasa de producción de partículas
exopoliméricas únicamente en las aguas superficiales.
7. Las eficiencias de crecimiento de los procariotas heterotróficos en la zona
mesopelágica de los océanos Atlántico Sur e Índico fueron muy bajas (entre el
0.3 y 3.7%) indicando que la mayor parte de los substratos orgánicos
incorporados por los procariotas son mineralizados en esta zona,
contribuyendo a la atenuación del flujo de carbono exportado desde las aguas
superficiales. Tanto la respiración como la eficiencia de crecimiento de los
procariotas heterotróficos estuvo regulada por la temperatura.
8. En el mar Mediterráneo se observó un patrón vertical similar al de los grandes
océanos, con máximos de concentración de partículas exopoliméricas en las
aguas superficiales, justo por encima de las profundidades del máximo de
clorofila-a. Espacialmente, las concentraciones fueron menores en la cuenca
oriental que en la occidental o el Atlántico nororiental, destacando máximos
alrededor del estrecho de Gibraltar. La distribución espacial en profundidad
reflejó en cierta medida el patrón espacial superficial siendo el flujo
descendente de partículas exopoliméricas mayor en la cuenca occidental que
en la oriental.
9. Al igual que en el océano global, la producción primaria es uno de los
principales predictores de la concentración de partículas exopoliméricas en la
superficie del mar Mediterráneo. Sin embargo, en este sistema la contribución
de los procariotas heterotróficos es también relevante.
10. En el mar Mediterráneo, las mayores tasas de producción de partículas

exopoliméricas por procariotas heterotróficos se obtuvieron en las aguas
levantinas intermedias. Estas producciones pueden verse afectadas por la
disponibilidad de nutrientes, especialmente de carbono orgánico de naturaleza
lábil.
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ANNEX I/ANEXO I: Abbreviation Index/Índice de Abreviaturas
AB: Great Australian Bight
Ablank: absorption of the blank
Asample: absorption at 787 nm of the sample
At: Atlantic
Bathy-EP= bathypelagic depth-integrated EP concentration
BOD: biological oxygen demand
C-EP: carbon content of EP
chl a: chlorophyll a
CTD: conductivity, temperature and depth
dAPS: dissolved acidic polysaccharides
Da: Daltons
DCM: deep chlorophyll maximum
DMCHO: dissolved neutral monosaccharides
DNA: deoxyribonucleic acid
DOA: dissolved oxygen analizer
DOC: dissolved organic carbon
DOM: dissolved organic matter
DPCHO: dissolved neutral polysaccharides
DTCHO: dissolved total neutral carbohydrates
EA: Equatorial Atlantic
Ea: activation energy
EM: Eastern Mediterranean
EMDW = Eastern Mediterranean Deep Water
EP: exopolymer particles
EPA: Equatorial Pacific
EP F200: exopolymer particles flux at 200 m depth
EP F1000: exopolymer particles flux at 1000 m depth
Epi-EP= epipelagic depth-integrated EP concentration
EP TEepi-meso: transfer efficiency of exopolymer particles from epipelagic to
mesopelagic waters
EP TEmeso-bathy: transfer efficiency of exopolymer particles from mesopelagic to
bathypelagic waters
EP-TE meso-deep = transfer efficiency of exopolymer particles from mesopelagic to
deep waters
ExpW = watr from export depth (abov 200 m)
EDOC→POC = efficiency to convert DOC into POC
ETS = electron transport system
Pg C: petagrams of carbon
PHA: prokaryotic heterotrophic abundance
Ind: Indian Ocean
K: degrees Kelvin
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LDOM: labile dissolved organic matter
LIW = Levantine Intermediate Waters
Meso-EP= mesopelagic depth-integrated EP concentration
MLD: mixed layer depth
MW = Mediterranean Water
NA: North Atlantic
NADW = Nort Atlantic Deep Water
NEA: Northeast Atlantic
NP: North Pacific
MTE: metabolic theory of ecology
Pac: Pacific
PAR: photosynthetically active radiation
PGE: prokaryotic growth efficiency
PHP: prokaryotic heterotrophic production
PHPint: integrated prokaryotic heterotrophic production
PB: prokaryotic biomass
POC: particulate organic carbon
%POC: percentage of exopolymer particles in relation to particulate organic carbon
%POCFlux: percentage of exopolymer particle flux in relation to particulate
organic carbon flux
POM: particulate organic matter
PON = particulate organic nitrogen
PP = primary production
Q10: Q10 temperature coefficient
PP: primary production
R: respiration
r: gases constant
Ra: fluorescence of the acetone blank
Rint: integrated R in the experiments
Rs: fluorescence of the sample
Rint: integrated respiration in the experiments
RDOM: refractory dissolved organic matter
SA: South Atlantic
SeqW: water from sequestration depth (below 1000 m depth)
SLDOM: semilabile organic matter
SCM: subsurface chlorophyll maximum
SGR = net specific growth rate
SW = surface waters
T: temperature
TCA: trichloroacetic acid
T0: intial incubation time in experments
Tf: final incubation time in experiments
TDN = total dissolved nitrogen
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TDP = total dissolved phosphorous
TOC: total organic carbon
TPP: total primary production
VA: viral abundance
WM: Western Mediterranean
WMDW = Western Mediterranean Deep Water
XG: xanthan gum
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